Formation and applications of surface nanodroplets by Yu, H
Formation and Applications of Surface Nanodroplets 
A thesis submitted in fulfilment of the requirements for the degree of Doctor of Philosophy 
Haitao Yu 
MSc by Research, The University of Birmingham, England 
Bachelor, Shanghai Jiao Tong University, China 
School of Engineering 
College of Science, Engineering and Health 
RMIT University 
July 2018 
Declaration of Authorship
I certify that except where due acknowledgement has been made, the work is that
of the author alone; the work has not been submitted previously, in whole or in
part, to qualify for any other academic award; the content of the thesis is the
result of work which has been carried out since the official commencement date
of the approved research program; any editorial work, paid or unpaid, carried out
by a third party is acknowledged; and, ethics procedures and guidelines have been
followed.
Signed: Haitao Yu
Date: 10/07/2017
i
Abstract 
Nano-scale droplets at the solid-liquid interface are of great relevance for many 
fundamental phenomena and processes. They also act as the significant units in broad 
droplet-based technologies, such as lab-on-chip devices, miniaturized analytic 
technologies, compartmentalized catalytic reactions, fabrication of anti-reflective 
coatings, high-resolution near-field imaging, and many others. Deriving from the Ouzo 
effect, the solvent exchange process is a simple, versatile solution-based bottom-up 
approach for the production of surface nanodroplets by displacement of a good solvent 
of the droplet liquid by a poor one in a narrow channel in the laminar regime. During 
this process, an oil over-saturation pulse is created, resulting in the nucleation and 
growth of nanodroplets on a substrate with the appropriate wettability. 
This thesis reports the state-of-the-art understanding and applications of surface 
nanodroplet formation on multiple substrates (planar or curved 2D substrate and 1D 
substrate) by solvent exchange. The nucleation and growth mechanisms of surface 
nanodroplets driven by the local oil over-saturation pulse is better understood 
quantitatively by investigating the effects of gravity, local channel structure, and the 
dimensions of the substrate. This approach is also feasible at a large scale with a 
production rate of over millions of droplets per second. Moreover, the surface 
nanodroplets produced are used as the basic units in the micro-extraction process and 
the fabrication of surface microstructures. Overall, surface nanodroplet formation by 
the solvent exchange process is versatile, simple, and controllable, and is therefore 
highly promising as a droplet-based platform in multiple fields. 
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Introduction
1.1 Surface nanodroplets
In research literature, the terms “microdroplet” and “nanodroplet” are sometimes
used ambiguously and this may cause confusion as to whether either the typical
dimensions or volumes of droplets are at nano-scale. In the present thesis, the term
nanodroplet refers to at least one dimension less than 1 µm, generally the height,
and the corresponding volume in femtolitres (fLs), or even attolitres. For general
audience, a nanolitre may seem small, but it is actually six orders of magnitude
larger than a femtolitre. As the droplet volume decreases dramatically, both the
manipulation technologies and properties of droplets can be quite different. For
example, due to the large surface-to-volume ratio, the evaporation rate of droplets
in fLs can be extremely rapid, but relatively slow for droplets in nanolitres. In
the field of chemical synthesis, there may be hundreds of billions of molecules
in a nanolitre drop, but only hundreds of thousands of molecules in a fL drop.
1
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Meanwhile, the powerful analysis techniques for nanolitre droplets may not be
able to provide the sensitivity neccessary for the analysis of droplets in fLs.[28, 95]
The investigation of droplets at nano-scale (with the volume in fLs) at the interface
has attracted great interest in both fundamental studies and broad applications.
On the fundamental side, studies of ultra-small droplets down to nano-scale will
assist the understanding of the significant influences in wetting theories and hetero-
geneous nucleation theories. On the applied side, surface droplets with fascinating
stability and colloidal properties are of significant interest as the basic units in
many fields,[31, 77, 142, 146] such as lab-on-chip devices,[56, 115] highly efficient
chemical micro-reactors,[92, 95] high-resolution near-field imaging,[26, 70, 145] dis-
persive liquid-liquid micro-extraction,[108, 109, 160] 3D printing of optical and
electronic devices.[120, 148] Nano-droplets offer an enabling technical platform for
research on compartmentalized reactions at the femtolitre, single cell, or single
molecule level, which are significant in chemistry and biology.[27, 57, 133, 141]
These nano-droplets present several key features as follows: 1) they may act as
compartments to isolate chemicals or reactions; 2) they are mono-disperse and
therefore have the potential for quantitative analysis; 3) with the volume of fem-
tolitres, even attolitres, they are suitable for single cell or molecular study; 4)
they enable the conduct of large numbers of experiments and analysis without
enormous labour and cost.
Nowadays, nanodroplets are widely used as the basic units in dispersive liquid-
liquid microextraction which is a very popular environmentally benign sample-
preparation technique for multiple analytic techniques.[109] Water-in-oil droplets
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can also serve as separate, chemically isolated compartments for single-cell anal-
ysis.[118] In surface engineering, nanodroplets can be grafted to the template 
particle surfaces and served as soft templates to guide the formation of Cu2O-
Au heterogeneous surfaces, even 3D Au porous structures in a galvanic reaction 
system.[85, 86] The nanoscale spherical lenses, which can be directly obtained by 
polymerizing monomer surface nanodroplets, exhibit remarkably short near-field 
focal length, and thus results in near-field magnification beyond the diffraction 
limit.[70] Moreover, microlenses in array were effective to enhance the absorption, 
absolute external quantum efficiency, and highest power conversion efficiency in 
polymer solar cells.[26]
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Figure 1.1: Sketch of an oil surface nanodroplet of a spherical-cap shape on
the substrate in water phase and definitions of the parameters.
Assuming a surface nanodroplet has a spherical-cap shape, its radius of curvature
R and volume V follow the equations:
R = D/(2sinθ), (1.1)
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V =
pi
24
H(3D2 + 4H2). (1.2)
As sketched in Fig. 1.1, D is the lateral diameter of the surface droplet, the height
of the droplet is H (generally less than 1µm), and the contact angle θ.
It is essential to achieve the generation of surface droplets with tailored sizes
and distributions. A significant amount of research has been undertaken on the
development of current techniques, including inkjet printing,[68, 130, 161] nano-
deposition,[95, 99] emulsion capturing,[104] de-wetting of thin films,[134, 138, 139]
micro-fluidics platform.[60, 124, 133] For example, inkjet printing is a direct depo-
sition technique using liquid phase materials and has the advantages of flexibility,
convenience, and low cost.[50] Self-organized nanodroplets originating from the
de-wetting of ultrathin films (< 100nm) have been developed, including stabil-
ity, mechanisms, pathways, and the effects of destabilizing forces, substrate mor-
phology, bounding media, and so on.[97, 116, 138] The droplet-based microfluidic
platform is a robust and highly reproducible system widely used for cell and drug
research and screening as it enables high-throughput encapsulation of cells within
a well-confined micro-environment.[60, 117]
Most of these approaches rely on the division of bulk liquid into small droplets,
which is not a trivial task. In order to overcome the capillary force, external energy
such as mechanical energy or electric energy has to be brought into the system.[95]
However, it is still difficult to produce tiny droplets with volumes of femtolitres,
limited by the stronger capillary force at smaller scale.
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At present, the resolution of droplet patterns produced by inkjet printing is usu-
ally limited to tens of micrometres and remains a challenge to directly print high-
resolution patterns for the production of micro/nano-devices.[130] In relation to
the de-wetting of thin film, the existing challenges include: limitations on the fea-
ture size and the pattern length scale, low aspect ratios of droplets, pattern align-
ment and densely packed droplets.[138] In addition, for the micro/nano-droplets
formed by the emulsion technique shown in the left-hand part of Fig. 1.2,[133]
their sizes are polydisperse. Therefore, this technique cannot provide exact vol-
ume control and the reaction conditions such as the concentration of reagents and
reaction products cannot be varied, making it difficult to quantitatively compare
emulsion droplet-based results. On the other hand, the screening of individual
droplets in the analysis process generally takes time and this makes it difficult
to control each droplet with the same reaction time. Some improvements can be
achieved when the micro/nano-droplets are produced by a microfluidic platform,
illustrated in the right-hand part of Fig. 1.2.[133] The monodisperse droplets are
formed on-chip and located at the same initial point, which means each droplet
is identical in terms of size and time. These properties make the droplets directly
comparable in single-cell studies,[133] and benefit the homogeneity of micro- or
nano-particles synthesized in materials science. However, with the microfluidic
system, the volume of generated droplets is generally in a range from nanolitres
to picolitres.[34, 60] The rate of formation of microdroplets in microfluidics using
T-junctions or flow-focusing devices is generally up to about 104 per second.[60]
Moreover, the mobile droplets make it impossible to achieve in-situ screening and
analysis.
Chapter1 6
Figure 1.2: Schematics of microdroplets formation with a conventional emul-
sion technique (left) and a microfluidic platform (right). (With permissions
from Ref. [133]. Copyright (2010) John Wiley and Sons)
1.2 Ouzo effect
When well-known aperitifs, such as ouzo in Greece and pastis in France are diluted
in water, the dissolved anise oil spontaneously nucleates into oil droplets causing
the liquid to become cloudy and remain so for a long period.[23, 50, 112, 121]
In recent years, the so-called “Ouzo effect” has become a generally accepted
strategy to produce droplet dispersions without using surfactants, stabilizers or
mechanical agitation,[71, 123, 142] and to produce highly homogeneous nanopar-
ticles as pharmaceutical products or for drug delivery. The approach is also re-
ferred to as “nanoprecipitation”, “solvent displacement process”,[96] “spontaneous
emulsification”,[19] or “solvent shifting”.[84]
This approach is very simple with only three components involved: a hydrophobic
oil, an amphiphilic organic solvent (i.e. ethanol, acetone, or tetrahydrofuran), and
a non-solvent (water). The oil is miscible with the organic solvent but immiscible
with water. The organic solvent and water are miscible. Oil is first dissolved in
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the amphiphilic organic solvent and then mixed with water. The decrease of oil
solubility in the solvent leads to oil oversaturation. Emulsions are produced as oil
droplets nucleate and grow in bulk.[84] The Ouzo effect is an energy- and cost-
effective method because there is no requirement for any external energy input or
surfactant.
In a phase diagram of ternary systems of water/co-solvent/oil, the Ouzo region
exists as a metastable region between the binodal curve (thermodynamic equilib-
rium) and the spinodal curve (stability boundary), as shown in Fig. 1.3. Within
the Ouzo region, although the Gibbs free energy is not at a minimum, there is a
large kinetic barrier to the phase separation responsible for the long-term stability
of the emulsions. In the Ouzo domain, the final size of nanoparticle formation
through solvent shifting varies as a power law of the solute concentration, consis-
tent with the Smoluchowski kinetic model[7] and does not depend on stirring rate,
pH, or ionic strength.[49]
1.3 Solvent exchange process
With a similar principle to the Ouzo effect, a protocol named the solvent exchange
process was recently developed as a simple, feasible, controllable approach to the
production of surface nanodroplets at the interface between another immiscible liq-
uid and a solid substrate. In 2007, Zhang and Ducker[165] first suggested the basic
requirements of the solvent exchange process and produced surface nanodroplets
of decane on OTS-Si. Generally, the solvent exchange process needs two miscible
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Figure 1.3: Ternary phase diagram of a water(W )/co-solvent(S)/oil(O) sys-
tem. Ouzo effect occurs for solutions transferred from one-phase region into the
metastable region between the binodal (solid) and spinodal (dashed) curves,
which converge at the critical point (P). (With permissions from Ref. [123].
Copyright (2016) Elsevier Ltd.)
solvents with different oil solubilities and a substrate with the appropriate wet-
tability for droplet nucleation and growth. A 3D view and a side view of a fluid
cell for the solvent exchange process are presented in Fig. 1.4. The cell consists
of a base, a spacer, and a transparent glass window. During the solvent exchange
process, the solution with a high oil solubility fills the fluid cell first and is then
displaced by the solution with a low oil solubility. In this case, oil oversaturation
is created, resulting in the nucleation and growth of oil surface droplets on the
substrate. Different from the pure bulk effect present in the Ouzo effect, droplet
nucleation and growth on the interface are also influenced by the surface properties
of the substrates.
Later, surface nanodroplets of different organic oils like toluene were produced
by the solvent exchange process.[164] Remarkably, one strategy to convert surface
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Figure 1.4: Schematic drawings (3D view and side view) of a fluid cell for
the solvent exchange process, which consists of a base, a spacer and a piece of
transparent glass. The channel height between the substrate and the glass bot-
tom surface can be adjusted by the thickness of the spacer. (With permissions
from Ref. [77]. Copyright (2015) American Physical Society)
nanodroplets into permanent surface nano-lenses was reported in Ref. [168] in
2012. The strategy involves first producing nanodroplets of monomers followed by
in situ photo-initiated polymerization, as shown in Fig. 1.5. These surface nano-
lenses with the same size and shape of the precursor surface nanodroplets can
be easily characterized in air by many techniques, such as AFM imaging, SEM,
confocal microscopy, which greatly overcome the limitations of the characterization
of surface nanodroplets.
1.3.1 Flow conditions of solvent exchange
It should be expected that the flow conditions of solvents during solvent exchange
have a profound influence on the eventual nanodroplets. In fact, the primary
mechanism which drives the heterogeneous nucleation and consequent growth of
surface droplets in the solvent exchange process has been reported in 2015[162].
During the solvent exchange process, a pulse of oil oversaturation is generated at
the mixing front given by the diffusion process between ethanol (high oil solubility)
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and water (low oil solubility). As the oversaturation front passes the substrate,
surface droplets start to nucleate and grow. Based on the assumption that there is
no pinning on the surface of the substrate, droplets grow with a constant contact
angle, and the volume (V ol) of an individual droplet therefore scales with the
cube of curvature radius (R), as V ol ∼ R3. In order to obtain the quantitative
relations, the droplet growth is assumed to follow the diffusive growth equation in
Figure 1.5: Strategy to first form surface nanodroplets of polymerisable oil
and then transfer them into surface nano-lenses by the photo-initiated poly-
merization process. (With permissions from Ref. [168]. Copyright (2012) Royal
Society of Chemistry)
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spherical symmetry[162]:
m˙ = 4piρoilR
2R˙ = 4piDcR
2∂rc|R. (1.3)
where ρoil is the oil density, and Dc is the diffusion coefficient of ethanol in wa-
ter. For oil nucleating and growing process, the most relevant quantity is the oil
oversaturation
ζ(t) =
c∞(t)
cs
− 1. (1.4)
During solvent exchange process, oil oversaturation ζ > 0 occurs as ethanol diffuses
from ethanol-rich solution toward water-rich solution.
For a laminar flow, the concentration gradient ∂rc|R is determined by the over-
saturation ζ(t) and the boundary layer thickness λ which is inverse to the square
root of the Peclet number (Pe), shown as
∂rc|R ∼ c∞(t)− cs,wat
λ
∼ cs,wat ζ(t)
λ
∼ cs,wat
√
PeR−1ζ(t). (1.5)
Substituting eq. 1.5 into eq. 1.3, a simple ordinary differential equation for R(t)
can be obtained as:
RR˙ ∼ Dccs,wat
ρoil
√
Peζ(t). (1.6)
Therefore, after subsequent integration from 0 to t = ∞ or from 0 to the final
radius Rf , Rf can be obtained,
Rf ∼
(
Dccs,wat
ρoil
ζmaxτ
√
Pe
)1/2
, (1.7)
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which means that, for a fixed position on the substrate, the droplet growth can be
characterized by the maximum oversaturation and the duration τ . Furthermore, in
the laminar flow, τ is relative to the diffusion time and dependents on the channel
height h following the scaling law: τ ∝ h2/Dc. Overall, according to theoretical
analysis, the final droplet volume is controlled by Pe and h as the scaling law:
V ol ∼ R3f ∼ h3
(
cs,wat
ρoil
)3/2(
cs,eth
cs,wat
− 1
)3/2
Pe3/4, (1.8)
where ρoil, cs,eth and cs,wat are the oil density and oil saturation concentrations in
ethanol and water, respectively.[162]
The study in Ref. [162] is the first to quantitatively investigate the formation of
surface droplets by the solvent exchange process and provide guidelines to control
the droplet size via flow conditions.
Recently, Dyett et al.[38] investigated the nucleation and growth of surface nan-
odroplets on a homogeneous substrate by solvent exchange by using total internal
reflection fluorescence microscopy with high temporal and spatial resolution. The
duration of droplet growth is revealed to scale with Pe−1/2, which demonstrates the
mixing behaviour is well described Taylor-Aris dispersion. Therefore, the quanti-
tative understanding of the surface nanodroplet growth during solvent exchange
is further developed. Specifically, the oversaturation pulse ζ(t) is considered in a
Gaussian shape,
ζ(t) = ζmaxe
−(t−t0)2/2τ2 . (1.9)
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With the definition of the error function, Erf(x) = 2√
pi
∫ x
0
e−y
2
dy, the droplet ra-
dius Rt is obtained after subsequent substitution and integration of eq. 1.3 and
1.5:
(R(t))2 ∼ Dccs
ρ
√
Pe ζmaxτ Erf
(
t− t0√
2τ
)
(1.10)
In Taylor-Aris dispersion, it is expected that ζmax ∼ Pe1/2 and τ ∼ h2Pe−1/2/Dc,
reflecting that at a fixed position downstream for large advection velocity the blob
of oversaturation will be smeared out less as less time has passed, resulting in
(R(t))2 ∼ h2 cs
ρ
√
Pe Erf
(
t− t0√
2τ
)
(1.11)
and
V (t) ∼ (R(t))3 ∼ h3
(
cs
ρ
)3/2
Pe3/4
{
Erf
(
t− t0√
2τ
)}3/2
∼ Vf (Pe) ·
{
Erf
(
t− t0√
2τ
)}3/2 (1.12)
where V (t) and Vf (Pe) denote the volume and final volume, respectively.[38]
1.3.2 Solution composition
As one may expect, in addition to physical adjustments from flow conditions and
channel geometry, the chemical composition of solutions plays an important role
in the formation of surface nanodroplets. For example, in a tertiary system of
cyclohexane, water and ethanol, the principles of nucleation and growth can be
used to form both water droplets on a hydrophilic substrate and cyclohexane
Chapter1 14
droplets on a hydrophobic substrate with different solution compositions.[80, 83]
Here, we use water droplet formation as an example, which is analogous to the
oil droplets introduced previously. Strictly speaking, when focusing on the details
in the integration of Equations 1.3 and 1.5, all the parameters c∞, cs and ζ vary
with solution composition (decided by the cyclohexane fraction x) and time t.
Meanwhile, x is also dependent on t from the initial Xinitial to the final Xend =
1 after solvent exchange[80]. Therefore, the final curvature radius Rf of water
droplet should be rewritten as
Rf ∼
(
D
ρ
√
Pe
∫ ∞
0
cs(t)ζ(t)dt
)1/2
. (1.13)
In relation to the specific situations in Fig. 1.6a-c, if the initial solution composi-
tion of the first solution is at X0, which is undersaturated with water, as the second
solution (cyclohexane) is injected into the system, the solution composition will
change from X0 to Xs following the dilution line. Xs is the point where the di-
lution curve meets the phase boundary, and here, the solution is water-saturated.
Then, if Xs is far from the Ouzo region, as the cyclohexane in the system keeps
increasing, macroscopic phase separation will occur along the tie line in the ter-
tiary system. Both an oil-rich sub-phase and a water-rich sub-phase will exist,
but surface water droplet formation is decided only by the former phase. The
corresponding composition in oil-rich phase X ′s contributes to the area (A) be-
tween the phase boundary and the above concentration ratio in the three-phase
diagram, and further controls the surface droplet size. Therefore, for the same
water concentration, the ratio of cyclohexane (poor solvent) in the first solution
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is negligible to the droplet size. Rather, the key feature to the water droplet size
is the concentration ratio between ethanol (good solvent) and water (droplet liq-
uid) in the Ouzo zone. Specifically, the droplet size scales with the square root
of the area (A) between the phase boundary and the above concentration ratio
in the three-phase diagram. This analysis is supported by the universal linear
relationship of experimental results in Fig. 1.6d.
Figure 1.6: Sketches of the solution composition during solvent exchange in a
three-phase diagram. (a) The initial solution composition X0 is undersaturated
with water. Along the dilution curve (the red line), the solution reaches water-
saturation at Xs. At point C, the temporary water oversaturation level is the
projection of line CD on the water axis. (b) The overall oversaturation level is
reflected by the blue area A. (c) When Xs is above the Ouzo region, macroscopic
phase separation will occur along the tie line (dotted red line) in the tertiary
system. Then, the composition in the oil-rich sub-phase X ′s contributes to the
surface droplet formation. (d) The linear relationship between droplet size and
A0.5. (With permissions from Ref. [80]. Copyright (2016) American Chemical
Society)
In addition to the three-phase system, surfactants such as tetradecyl trimethylam-
monium bromide (CTAB) and dodecyltrimethylammonium bromide (DTAB) can
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be used to mediate substrate wettability.[152, 158] With surfactant in the system,
it is possible to fabricate oil droplets on hydrophobic substrates such as OTS-Si,
and on hydrophilic substrates (Si). The size distribution reduces and the aspect
ratio of surface droplet increases when the surfactant concentration increases, es-
pecially on a hydrophobic substrate.
1.3.3 Types of the substrates
1.3.3.1 Homogeneous substrates
This section presents a brief review of studies on droplet growth dynamics, includ-
ing the collective interactions, spatial distribution and correlation during solvent
exchange process, which have been investigated under multiple conditions, such
as different compositions and flow conditions.[150] A growing droplet on a ho-
mogeneous substrate is generally surrounded by many other droplets. It can be
expected that the growing droplet will interact and even coalesce with others in
some situations. Indeed, the surface coverage of nanodroplets formed by solvent
exchange reaches the maximum plateau, regardless of various conditions, which is
due to the interactions among droplets. Modified Voronoi tessellation is further
proceeded to obtain the area of droplet footprint a and Voronoi cell A, illustrated
in Fig. 1.7. When the surface coverage of droplets reaches the maximum plateau,
a is in a linear relation as a function of A. This relation follows from two assump-
tion: first, the growth of surface nanodroplets is dominated by the diffusive process
out of the surrounding bulk solution; second, the droplet volume is proportional
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to the number of molecules in the droplet. The maximum plateau of surface cov-
erage illustrated by droplet growth during solvent exchange is constant with that
shown by the breath figure by vapour condensation. However, the main difference
between these two processes is that the solvent exchange process is a multiple
component system under flow conditions. In the solvent exchange process, surface
nanodroplet formation is dominated by the oversaturation pulse, which can be
easily mediated by the control of flow conditions.
Figure 1.7: (a) Representative optical image of polymerised surface nan-
odroplets. (b) Modified Voronoi tessellation based on the distance between
the footprints of two adjacent droplets. The red circle represents the footprint
of detected droplet with the area of a and the red polygon shows the Voronoi
cell with the area of A. (c) Schematic top & side view of a droplet sitting
on a modified Voronoi cell. Nd means the number of molecules in the surface
nanodroplets and Nv means the original number of molecules in the depleted
volume surrounding the droplet, which scales with A3/2. (With permissions
from Ref. [150]. Copyright (2016) Royal Society of Chemistry)
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The sensitivity of nanodroplets to surface chemistry was further revealed recently.
Surface nanodroplets produced by solvent exchange are sensitive to the detailed
molecular structures of the substrates, corresponding to the pinning effect.[149]
The specific substrates were self-assembled monolayers with increasing alkyl chain
lengths coated onto a gold surface. With the same conditions in the solvent ex-
change, both the number density and morphology of surface nanodroplets show
obvious differences in the different molecular structures of substrates. In particu-
lar, extending the alkyl chain from C8 to C14 in steps of two carbons progressively
yielded wider, more flat (lower contact angle) droplets.[149]
1.3.3.2 Prepatterned substrates
The wide size distribution and random position of surface droplets formed on ho-
mogeneous substrate severely constrained further research on nanodroplets, and
the practical applications. Controlled surface wettability has since addressed this
problem. The chemically-patterned regions behave as boundaries preventing liquid
droplets movement and merging on the substrate. In 2015, highly ordered arrays
of surface droplets with a femtolitre volume were produced on prepatterned sub-
strates, consisting of smooth hydrophobic micro-domains (OTS-Si) on hydrophilic
substrate (Si).[9, 10] The prepatterned substrates were fabricated by photolithog-
raphy and silanization. Consequently, surface oil droplets grew only on the hy-
drophobic micro-domains with hydrophilic surroundings.
These surface nanodroplets in array with adjustable morphology have obvious ad-
vantages in many fields, as illustrated in Fig. 1.8. They facilitate multi-step droplet
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Figure 1.8: Advantages of surface nanodroplets arrays: (left) multistep
droplet manipulations; (middle) in situ analysis with microscopy or spec-
troscopy techniques; (right) droplet-based trace analysis. (With permissions
from Ref. [44]. Copyright (2018) John Wiley and Sons)
manipulation, which is needed in many experimental processes, such as material
fabrication, chemical synthesis, and biochemical assays. Moreover, they can act
as the droplet-based platform for direct in situ analysis using various microscopy
or spectroscopy techniques. With the easy collection of samples from each indi-
vidual droplet, it can further undergo trace analysis like mass spectrometry or
high-performance liquid chromatography.
Nanodroplet formation on prepatterned substrates also reveals a different growth
mechanism to that on homogeneous substrates. Generally, surface droplets on a
homogeneous substrate grow with a constant contact angle, described as constant
contact-angle (CA) mode.[168] On patterned substrates however, surface droplets
first grow via CA mode when their lateral diameter is smaller than the domain.
Then, the growth mode changes to the constant contact-radius (CR) mode as the
droplet size reaches the diameter of the domain, due to growth confinement in the
lateral dimension from the boundaries of micro-domains.
By controlling Pe of the flow, the size and growth mode of the femtolitre droplets
on certain sized micro-patterns (3, 5 and 10 µm) can be controlled, and the cor-
responding contact angle can also be predicted. As shown in Fig. 1.9, oil droplet
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Figure 1.9: Sketch of growth in CA mode and CR mode on patterned sub-
strate, and oversaturation level Cs(t)ζ(t) vs. time, assumed to be a Gaussian
shape. (With permissions from Ref. [10]. Copyright (2016) American Chemical
Society)
nucleation begins at the boundary of the circular hydrophobic micro-patterns and
first grows in CA mode until time tc, similar to the former derivation of Equa-
tion. 1.7. The final lateral diameter of droplet grown in CA mode equals to the
diameter (L) of microdomains following:
L2 ∼ Dccs,0
ρd
ζmaxτPe
1/2α(L, Pe), (1.14)
where, α(L, Pe) is the fraction of oil oversaturation pulse.[10]
After tc, the droplet starts to grow in CR mode with the contact angle gradually
increasing from θc to the final state θf . In a laminar flow and with the assumption
of an oversaturation pulse in a Gaussian shape, an equation of final contact angle
can be written as:
θf = G
−1
(
G(θc) + const
Dc
L2
cs,0
ρd
ζmaxτPe(1− α(L, Pe))
)
. (1.15)
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Where, G(θ) is defined as a Gaussian function with the variable of θ. 1−α(L, Pe)
means the fraction of time the droplet grows in the CR mode.[10]
1.3.3.3 Microstructured substrates
Figure 1.10: Spatial arrangement of surface nanodroplets around a micro-
cap. (a-c) representative AFM image, SEM image and notation of one surface
nanodroplet sitting on a microcap. (d-i) AFM images of multiple droplets on
one microcap, illustrating different symmetric N-gons with N from 2 to 7. The
scale is 5 µm. (With permissions from Ref. [102]. Copyright (2015) American
Chemical Society)
How physical structures influence droplet formation was investigated through con-
secutive solvent exchanges. After forming surface droplets with polymerisable oil
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on a hydrophobic OTS-Si substrate, according to the protocol in Ref. [168], these
droplets were photo-polymerised to obtain spherical cap micro-structures, which
could be further used as the micro-structured substrates for the next solvent ex-
change process.[102] On these micro-structured substrates, both micro spherical
caps and left planar background were coated with the same material. During the
following solvent exchange process, nucleation occurred all over the surface, with
more prefer at the rim of the microcaps with a lower nucleation energy barrier
in the solvent exchange process. In relation to droplet growth around a microcap
on the substrate, the surface nanodroplets spontaneously formed highly symmet-
rical arrangements with respect to position, size and mutual distance, as shown in
Fig. 1.10. This symmetry allows maximal distances between each pair of adjacent
droplets arrested around the microcaps.
The azimuthal characteristic (φ) of droplets is quantified by measuring the angle
between the two lines which connect the centres of the microcaps and two adjacent
droplets, respectively. For a given droplet number (N), φ = 2pi/N . On the other
hand, for a growing droplet with the radius of r at a low flow rate, the width of
the concentration boundary layer is r on each side (the width is smaller at large
flow rates). In other words, a nanodroplet with a radius of r requires the lateral
space of 4r, shown as Fig. 1.11a. As the circumference around a microcap is 2piR,
it can be obtained that N = 2piR/(4r). And φ can be further calculated:
φ =
2pi
N
≈ 4 r
R
, (1.16)
where, r and R is the radius of nanodroplet and microcap, respectively.[102]
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(a) (b) (c)
Figure 1.11: Spatial symmetry of evolving surface nanodroplets around a
microcap. (a) Sketch of the boundary layer of growing nanodroplets. (b) Plot
of the angle φ as a function of the value of r/R with the fitting slope of 3.99.
(c) Schematics of the dynamics of droplet cannibalization caused by competitive
growth. The blue solid circles indicate the initial locations of three droplets (1,
2, and 3). The black dotted circles illustrate their evolving situations. The
cannibalizer is droplet 1 and the victim droplet is droplet 3. The red solid
circle is the final state. (With permissions from Ref. [102]. Copyright (2015)
American Chemical Society)
Therefore, in principle, the mean angle (rad) between the neighbouring droplets
approaches 4 times the ratio of the droplet radius to the microcap radius, which ex-
cellently matches the fitting slope for the experimental data plotted in Fig. 1.11b.
In 2015, Peng et al.[102] reported these self-organized spatial arrangements were
attributed to Ostwald ripening: the enhanced growth of larger droplets is at ex-
pense of smaller droplets in an oversaturated environment. And therefore, the
centre position of the larger droplet (cannibalizer) shifts towards the consumed
smaller droplet (victim droplet), following the sketch in Fig. 1.11c. However,
recently, this self-organization behaviour is identified to be attributed to coales-
cence events by using total internal reflection fluorescence microscopy.[37] The
final position of the droplets shows coalescence preference dominated by droplet
size inequality, following a scaling law with the size ratio of parent droplets. The
spontaneous formation of surface nanodroplet patterns may enable nanodroplet
patterning in simple flow conditions and be valuable as precursors of a range of
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surface micro-structures in future.
Moreover, the wetting phenomenon of nanodroplets placed on a micro-structure
was further experimentally studied by utilizing in-situ nanodroplet nucleation and
growth on micro-structures during the solvent exchange process.[100] On micro-
structured substrates, two kinds of contact angles exist on the surface. One is
for nanodroplets sitting on a flat substrate and the other one is for those on mi-
crocaps. The considerable scatter of experimental data around the theoretical
equilibrium curves is ascribed to pinning at the droplet boundaries and therefore
non-equilibrium effects. Based on the theoretical results, the phase space of nan-
odroplet nucleation location is discussed, indicating the wetting configuration with
the global minimum of the interfacial energy at different values of α, θfs and θmc.
Specifically, surface nanodroplets prefer to nucleate on the rims of microcaps when
α >| θfs − θmc |.
1.4 Subsequent studies with surface droplet-based
platform
With the feasible, adjustable formation of surface nanodroplets, well controlled
surface nanodroplets produced by solvent exchange provide a droplet-based foun-
dation for understanding many other interfacial phenomena, such as dissolution
and wettability at a microscopic scale.
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1.4.1 Droplet dissolution
Dissolution dynamics studies are not only significant to the understanding of sur-
face nanodroplets, but are also promising on the stability mechanism of surface
nanobubbles, as they have analogous principles. The dissolution of surface droplets
has been verified to be controlled by their solubility and saturation level.[163] Un-
like the droplet growth in CA mode on a homogeneous substrate, the dissolution
process of surface nanodroplets follows a mixed mode of CR and CA mode (known
as the “stick-slide” mode), which is illustrated as the simultaneous reduction of
both the contact angle and the lateral diameter in Fig. 1.12c. On average, larger
droplets have faster dissolution rates, but the specific rate of dissolution may
be different for droplets with the same initial size. This individuality of surface
droplets is caused by two factors: one is the local chemical or geometric surface
heterogeneities, resulting in different pinning strengths at the three-phase contact
line, which is proved by asymmetric shrinkage during dissolution; the other arises
from the cooperative effect among neighbouring droplets. Dissolving neighbour-
ing droplets change the local conditions through diffusion. Therefore, each droplet
dissolves at a different rate in the system due to crosstalk between the droplets
(like Ostwald ripening).[163]
Later, the fourth mode in Fig. 1.12d, named the “stick-jump” mode, was discov-
ered and investigated by dissolving surface microdroplets of 3-heptanol in water, in
addition to the three modes described earlier[33]. This mode is more pronounced
for micro-scale droplets than larger droplets, due to larger jumps in the contact
line diameter according to the scaling law δL/L ∝ 1/L1/2.[114] The key factor
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Figure 1.12: Schemes of four possible dissolution modes of a surface nan-
odroplet: (a) CR mode, (b) CA mode, (c) stick-slide and (d) stick-jump mode.
(With permissions from Ref. [163]. Copyright (2015) Royal Society of Chem-
istry)
to the stick-jump mode comes from intermittent contact line pinning, which is
relative to surface roughness and causes switching between sticking and jumping
during surface droplet dissolution. In the experiments, more obvious stick-jump
behaviour was obtained on glass substrates, which have a higher surface rough-
ness (3.9 nm) than that of silicon substrate (1.3 nm). It was also shown that the
equations for droplet evaporation could be used for the dissolution process. The
theoretical model of droplet lifetimes was in a good agreement with the correspond-
ing experimental data. For initial droplets with contact angles θ0 less than 90
◦,
their lifetimes are the longest when dissolving in the stick-jump mode, compared
to those in the CR mode or the stick-slide mode.
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In addition to fundamental studies of droplets through dissolution processes, the
controlled dilution of nanodroplets in a ternary system provides the ability to
tailor the assembly of nanoparticles. Unlike evaporation, which is routine for
assembly purposes,[15] dissolution is relatively under-explored. Jativa et al[61]
demonstrated how the packing of cellulose nano-crystals contained within an aque-
ous droplet could be controlled when submerged in a toluene-ethanol mixture, as
shown in Fig. 1.13. As the ethanol concentration increased, the rate at which
water was dissolved from the droplet into the bulk increased, leading to increased
droplet shrinkage. The rate of shrinkage then determined the final morphology of
the cellulose nano-crystals; slow rates yielded dense spheres and high rates lead to
bulked discoidal particles. This dissolution strategy for the assembly of materials
has also been extended to graphene, silk and silica nanoparticles.[62, 81, 153]
I II III 
Figure 1.13: (I) Schematic of cellulose packing under varying ethanol concen-
trations (II) Optical photographs of a shrinking droplet at high ethanol con-
centration, highlighting the formation of a shell during rapid dissolution. Scale
bar = 600 µm. (III) SEM micrograph of cellulose microbead prepared using
low (a) and high (b) ethanol concentration. (With permissions from Ref. [61].
Licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported
Licence.)
Moreover, the control of droplet dissolution facilitates the control of the eventual
droplet morphology. This can be further exploited by transforming uniform of
chemical patterns into interesting packed arrays. Just as chemical gradients pin
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the contact line during nucleation, they also pin the droplet during dissolution
yielding complex droplet geometries dependent on the underlying chemical pat-
tern. Droplets of a polymerisable oil can therefore provide unique and diverse
templates for the formation of polymer-capped hybrid micro-structures, which are
illustrated in Fig. 1.14.[103]
Figure 1.14: SEM images of polymer-capped hybrid microstructures by tem-
plating polymerized dissolving droplets. Scale bar for (A-D) is 10 µm, for
(E,F) is 30 µm. (With permissions from Ref. [103]. Copyright (2017) American
Chemical Society)
1.4.2 Characterization of surface wettability
As described earlier, surface nanodroplets are highly sensitive to the state of the
underlying surface. The utilization of surface nanodroplets provides a convenient
approach to the characterization of the local wettability of the substrate at a
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micro-level. Surface nanodroplets with a volume of femtolitres were produced on
a single-layer graphene (SLG) laid on OTS-Si substrate to investigate whether
SLG was sufficient to shield the majority of the interactions between substrate
and solutions.[101] The droplets were directly formed on OTS-Si and graphite
(HOPG) under the same conditions for comparison. The micro-wettability on
SLG was found to be greatly dependent on the surrounding solution. As shown
in Fig. 1.15, in water, the contact angle of droplets seated on SLG is between
those on OTS-Si and HOPG, which indicates that, droplet formation on the SLG
is influenced not only by the SLG, but also the underlying OTS-Si substrate. On
the other hand, femtodroplets on SLG have the largest contact angle in ethanol
aqueous solution. Two scenarios for this phenomenon are hypothesized as follows:
(1) the creep of ethanol under the SLG and (2) a stronger adsorption of ethanol
on graphene than HOPG.
The response of nanodroplet morphology to the solution’s pH was also revealed
by producing oil droplets on a pH-sensitive model substrate (Au substrate coated
with a monolayer of the binary mixture of 11-mercaptoundecanoic acid and do-
decanethiol) at different pH values. Femtolitre interfacial droplets also revealed
wettability differences between the static micro-wetting properties of MoS2 face
and edge in water.[79] The morphology difference of surface droplets formed on
MoS2 face and edge clearly suggests a stronger hydrophilia and pinning from the
layered nanostructure of the MoS2 edge.
Chapter1 30
Figure 1.15: Plots of height H or contact angle θ versus. the lateral diameter
L of the polymerized surface droplets, which were formed and polymerized in
ethanol aqueous solutions with different concentrations: 5% (a,b) and 10% (c,d).
The dotted lines in (b) and (d) is corresponding to the slope shown in (a) and
(c). (With permissions from Ref. [101]. Copyright (2014) American Chemical
Society)
A B 
Figure 1.16: (A) Schematic of droplet wettability across pH-sensitive surface
(B) Schematic illustration of wettability differences between MoS2 face and
edge interfaces. (With permissions from Ref. [79]. Copyright (2016) American
Chemical Society)
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1.5 Research motivation and aims
Nano-scale droplets at a solid-liquid interface are of great relevance for many
fundamental phenomena and processes. They are important units for lab-on-a-chip
devices, compartmentalised catalytic reactions, high-resolution near-field imaging,
and many others. The fabrication of these surface nanodroplets has attracted
significant interest and the process has been developed to produce adjustable sizes
and well-arranged patterns by various top-down methods. Different from general
top-down techniques, the solvent exchange process is a simple, emerging, bottom-
up approach to the production of oil (or water) surface nanodroplets with desirable
size and morphology, where nanodroplets nucleate and grow on a substrate as a
good solvent of oil (or water) is displaced by a poor solvent.
As the state-of-the-art when this PhD study commenced in 2015, the basic under-
standing of the quantitative scaling law between droplet volume and flow condition
was raised for the first time in Ref. [162] by our research group. This study re-
ported the primary mechanism driving the heterogeneous nucleation and growth
of droplets in this process: a pulse of oil oversaturation is created at the mixing
front between solutions A and B, the intensity and duration of which dominate
droplet nucleation and growth. The theoretical analysis showed that the volume
of the nanodroplets increases with the Peclet number (Pe) of the flow as Pe3/4,
consistent with the experimental results. However, much work remains to be done
if we are to build a comprehensive droplet-based platform. To arbitrarily tailor the
volume, distribution, and even the location of surface nanodroplets, it is essential
to fully understand the principle of solvent exchange and investigate other possible
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effects. Therefore, based on this research foundation, the aim of the present study
is to develop well-controlled surface nanodroplet formation by solvent exchange,
broaden the applications, and deepen the understanding of the interfacial proper-
ties and phenomena. In particular, the specific aims of the study were proposed
as below and also gradually modified during the project.
1. Gravitational effects were noticed in high channels where convection facilitates
the mixing and the formation of larger and more heterogeneous droplets, but were
not fully studied in Ref. [162]. Knowledge of how gravity plays a role is essential to
improve our understanding of the principle of surface droplet formation by solvent
exchange process, and will be very important in applications.
2. Although surface nanodroplets on chip-sized substrate have promising appli-
cations in various aspects, such as lab-on-chip devices, micro-sensors, and detec-
tion, small-scale substrates less than cm2 situated in a micro-channel dramatically
limit the application fields such as separation, concentration, the preparation of
pharmaceutical carriers, and nano-structured material fabrications. Therefore,
understanding of the feasibility and controllability of large-scale surface droplets
formation is necessary.
3. To date, the fabrication of surface nanodroplets in arrays by most techniques
mainly relies on the use of prepatterned substrates. The fabrication of these
prepatterned substrates not only greatly increases the cost and processing com-
plexity, but also rigorously controls the type, property, and size of the substrates.
Therefore, a key question of surface nanodroplets formation in respect to appli-
cations is how to control droplet size and distribution on a homogeneous surface
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without prepatterning the surface.
4. A significant amount of work has been done to investigate the formation of
nanodroplets on the surface of channel walls during solvent exchange process,
especially on 2D planar substrates. However, surface droplets on 1D microfibre
located in the flow have obvious advantages in multiple fields, such as separation,
extraction, sensing and filtration, as well as in many oil-related applications where
fibres are used as oil sorbents, coalescers, filters and separators. However, they
have not studied to date. Therefore, the growth process of droplets on 1D substrate
(microfibre), located in the flow is worthy of systematic investigation.
5. As the solvent exchange process is a solution-based approach to the production
of surface nanodroplets, the surface nanodroplets produced are quite stable in
the liquid-solid interface but have short lifetimes when exposed to the air. With
the demand for the use of surface nanodroplets in air for multiple studies and
applications, the theoretical understanding and feasibility of the phase transfer of
surface nanodroplets from water phase into air phase are important and worth
study.
1.6 Thesis outline
Based on the research motivations and aims, the studies that have been conducted,
as well as the successful outcomes, are outlined chapter by chapter.
Chapter 2. Gravitational Effect on the Formation of Surface Nan-
odroplets
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(Published paper: Yu, H., Lu, Z., Lohse, D., Zhang, X. Gravitational Effect on
the Formation of Surface Nanodroplets. Langmuir 31, 12628-34 (2015).)
The size of nanodroplets is closely related to the flow conditions. To achieve con-
trol of droplet size, it is essential to fully understand the nucleation and growth of
nanodroplets under different flow conditions. In this chapter, we investigate the
gravitational effect on droplet formation by solvent exchange. We compared the
droplet size as the substrate was placed on the upper or lower wall in a horizontal
fluid channel or on the sides of a vertical channel with an upward or downward
flow. We found significant differences in the droplet size for the three substrate
positions in a wide channel with a height h of 0.21 mm. The difference of droplet
size was eliminated in a narrow channel with a height h of 0.07 mm. The rel-
evant dimensional control parameter for the occurrence of the gravitational ef-
fects is the Archimedes number Ar and these two heights correspond to Ar = 10
and Ar = 0.35, respectively. The gravitational effects lead to a non-symmetric
parabolic profile of the mixing front, with the velocity maximum being off-centre
and therefore at different distances α(Ar)h and (1 − α(Ar))h to the lower and
upper wall, respectively. The ratio of the total droplet volume on the lower and
upper wall was theoretically found to be (α(Ar)/(1 − α(Ar)))3. This study im-
proves our understanding of the mechanism of the solvent exchange process, and
provides guidelines for tailoring the volume of surface nanodroplets.
Chapter 3. Large-scale Flow-mediated Formation and Potential Appli-
cations of Surface Nanodroplets
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(Published paper: Yu, H., Peng, S., Lei, L., Zhang, J., Greaves, T., Zhang, X.
Large Scale Flow-Mediated Formation and Potential Applications of Surface Nan-
odroplets. ACS Appl. Mater. Interfaces 8, 2267922687 (2016).)
In this chapter, we report the successful production of surface nanodroplets over
a large surface area on planar or curved surfaces, guided by the principles of
solvent exchange. The droplet size is uniform over the entire surface of a planar
or curved substrate and tuneable. The production rate is extremely high at 106
nanodroplets per second. This advance in nanodroplet production provides a
general platform for droplet-based applications. Here we demonstrate that the
application of surface nanodroplets in the micro-extraction of hydrophobic solute
(dye) from its highly diluted aqueous solution and in-situ detection of the dye
in a simple process, and the fabrication of highly-ordered microlens arrays and
polymer-capped micro-structures by simple processes.
Chapter 4. Formation of Surface Nanodroplets Facing a Structured
Microchannel Wall
(Published paper: Yu, H., Maheshwari, S., Zhu, J. Y., Lohse, D., Zhang, X.
Formation of surface nanodroplets facing a structured microchannel wall. Lab
Chip 17, 14961504 (2017).)
In this chapter, we investigate the effects of local microfluidic structures on the
formation of surface nanodroplets. The micro-structures consist of a microgap
with a well-defined geometry, embedded on the opposite micro-channel wall, fac-
ing the substrate where nucleation takes place. For a given channel height, the
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dimensionless control parameters were the Peclet number of the flow, the ratio be-
tween the gap height and the channel height, and the aspect ratio between the gap
length and the channel height. We found and explained three prominent features
in the surface nanodroplet distribution at the surface opposite to the microgap:
(i) enhanced volume of droplets; (ii) asymmetry as compared to the location of
the gap in the spatial droplet distribution with increasing Pe; (iii) reduced ex-
ponent of the effective scaling law of the droplet size with Pe. The droplet size
also varied with the aspect and height ratios of the microgap at a given Pe value.
Our simulations of the profile of oversaturation in the channel reveal that the
droplet size distribution may be attributed to the local flow patterns induced by
the gap. Finally, in a tapered micro-channel a gradient of surface nanodroplet size
was obtained. Our work shows the potential for controlling nanodroplet size and
spatial organization on a homogeneous surface in a bottom-up approach by simple
microfluidic structures.
Chapter 5. Growth of Nanodroplets on a Still Microfiber under Flow
Conditions
(Published paper: Yu, H., Rump, M., Maheshwari, S., Bao, L., Zhang, X. Growth
of nanodroplets on a still microfiber under flow conditions. Phys. Chem. Chem.
Phys. 20, 18252-18261 (2018).)
In this chapter, we investigate the formation of surface droplets on a one-dimensional
substrate (a single hydrophobic fibre with the diameter of 10 µm) in a flow. The
droplet growth on the microfibre is enhanced as the fibre is perpendicular to the
external flow direction, due to the coupled effects between droplet formation and
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local flow. On the other hand, droplet growth exhibits different growth dynamics
as the fibre is placed parallel with the external flow direction. The general trend
that surface droplets grow faster on fibre at higher flow rates is consistent with
the situation on planar substrates. The coupled interactions between the growing
droplets and the local flow conditions during solvent exchange were further re-
vealed in simulations. The findings from this work will be valuable for the design
and utilization of the solvent exchange process to produce surface nanodroplets
on microfibre under flow conditions and thus broaden droplet-based application
fields.
Chapter 6. Splitting an oil microdrop at a receding three-phase contact
line of water, air and solid
(Under preparation: Yu, H., Dyett, B., Kant, P, Lohse, D., Zhang, X. Splitting
an oil microdrop at a receding three-phase contact line of water, air and solid.)
In this chapter, we study the influence of an oil microdrop to the motion of a
receding CLw−a−s and the dynamical behaviour of the oil microdrop in response
to the contact with the water-air interface. The oils are octanol, decanol, and
undecanol, situated on the substrate under the water drop. A spontaneous, inverse,
and dramatic extension of four-phase contact line (CLfour−phase) occurred when
the receding CLw−a−s touched the oil microdrop acting as a forth phase. The
longest displacement of CLfour−phase was over two times of the diameter of octanol
droplet, consuming about 70% oil volume. Remarkably, the maximum values of the
dynamic velocity and acceleration reached approximate 10 mm/s and 10 m2/s,
respectively. Furthermore, the satellite oil microdroplets on the substrate were
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produced in the CLfour−phase extension process. This study would improve the
theoretical understanding of the four-phase configuration and the stability of oil
microdroplets as transferred from an immersing phase of water to air. The insight
will benefit the potential applications in the production of surface self-cleaning
materials and ultra-small surface nanodroplets.
Chapter 7. Conclusions and outlook
This chapter summarizes the major contributions of this thesis and recommends
future research on surface nanodroplet formation by solvent exchange process.
Chapter 2
Gravitational effect on the
formation of surface nanodroplets
2.1 Introduction
Surface nanodroplets refer to the droplets at a solid-liquid interface with at least
one dimension less than 1 µm. Those nanodroplets draw great interest from both
fundamental studies and broad applications.[31, 77, 142, 146] Such systems possess
fascinating stability and colloidal properties.[12, 41, 106] They act as miniatur-
ized reactors in formulation industry,[92, 95] microcontainers for high throughput
screening and analysis,[28, 55, 110, 118] and adjustable lenses in high-resolution
near-field imaging technique.[25] The solvent exchange is a simple approach to
form nanodroplets (or bubbles) at a solid-liquid interface.[78, 162] This approach
is versatile for the type of droplets (oils, or water) and planar or non-planar
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substrates.[85] The droplets can be controlled to be as small as several attolitres
and be arranged on well-defined locations.[166] The basic requirements for the
solvent exchange are (a) two miscible solvents (the first: solution A; the second:
solution B), (b) the droplet liquid with a higher solubility in solution A than in
solution B, and (c) a substrate with an appropriate wettability.[77]
To arbitrarily tailor the volume of surface nanodroplets, it is essential to fully
understand the principle of the solvent exchange. The latest work by us and our
co-workers has reported the primary mechanism that drives the heterogeneous nu-
cleation and growth of droplets in this process: A pulse of oil oversaturation is
created at the mixing front between solution A and B, the intensity and duration
of which dominate the droplet nucleation and growth.[162] The theoretical analy-
sis showed that the volume of the nanodroplets increases with the Peclet number
(Pe) of the flow as ∝ Pe3/4, in good agreement with the experimental results.[162]
Gravitational effects were noticed in high channels where the convection facilitates
the mixing and the formation of larger and more heterogeneous droplets. In this
work, we try to understand whether the gravity plays a role in a channel that is
already narrow enough to eliminate convectional effects. Very interestingly, we
found that the volume of surface nanodroplets in a horizontal channel is still sub-
ject to gravitational effects until the channel height is less than 70 µm. The insight
from this work will be valuable for the effective design in scale-up of nanodroplet
formation.
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2.2 Experimental section
2.2.1 Solutions and Substrate
The monomer and initiator were 1,6-hexanediol diacrylate (HDODA) (80%, Sigma-
Aldrich) and 2-hydroxy-2-methylpropiophenone (97%, Sigma-Aldrich), respectively.
A stock solution of monomer precursors, served as oil-rich phase, was prepared by
mixing 10 volume of monomer and 1 volume of initiator. Solution A was obtained
after 4 mL of the stock solution was dissolved into 100 mL of 50 vol% ethanol
aqueous solution. Solution B was HDODA-saturated water.
Silicon coated with a monolayer of octadecyltrichlorosiliane (OTS-Si) was prepared
by following the protocol reported in previous work,[166] and was used as the
substrate in all experiments. Before use, OTS-Si substrate was sonicated in ethanol
for 10 mins and dried under a nitrogen stream. It was further cleaned by a CO2
snow injector (30 Gunjet Spraying Systems CO. Wheaton, IL USA.) to remove
any aggregates on the surface.[167]
2.2.2 Solvent exchange process
The top and side view of the fluid cell and solvent exchange process are sketched in
Fig. 2.1a. During the solvent exchange process, solution A with high oil solubility
filled the fluid cell first, and then was displaced by solution B with low oil solubility.
The solvent exchange speed is controlled at a constant flow rate of solution B by
using a syringe pump. In order to identify the gravity effect in the solvent exchange
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process, four sets (Fig. 2.1b) at different tilting angles (0◦, 90◦, 180◦ and 270◦)
were designed and tested. After the completion of the solvent exchange, the oil
nanodroplets on the substrate were illuminated with an UV lamp (365 nm, 20 W)
for 15 minutes to order to solidify the nanolenses by photopolymerization. Finally,
the substrate was washed with ethanol and dried under a gentle nitrogen stream.
After this, the polymerized surface droplets on the substrate was characterized by
a reflection-mode optical microscopy and tapping-mode atomic force microscopy
(AFM).
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(a)         Top view and side view (b)         Experimental setup 
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Figure 2.1: Illustration of the solvent exchange process and the positioning of
the fluid channel. (a) The fluid cell consists of a base, a spacer and a glass top.
The hydrophobic substrate was fixed on the base. (b) The four configurations
(0◦, 90◦, 180◦ and 270◦) that are examined in this manuscript. When the fluid
cell was placed horizontally, the flow was always parallel to the substrate placed
either on the bottom (0◦ flow) or on the top (180◦ flow). When the fluid cell
and the substrate were placed vertically, the flow was either pumped upwards
(90◦ flow) or downwards (270◦ flow).
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2.2.3 Flow conditions
In our experiment, the width (w) and height (h) of the fluid cell are 15 mm and
0.21 mm, respectively. The flow conditions are listed in Table 2.1, where U¯ is
the mean flow velocity, the flow rate is Q = hwU¯ , the Reynolds number of flow
Re = U¯h/ν = Q/(wν) and Peclet number Pe = U¯h/D. Here ν is the viscosity
(ν = 10−6 m2/s) and D is the diffusivity (D ≈ 1.0 × 10−9 m2/s).[53, 54] All of
our experiments are in the regime of laminar flow, i.e., Re < 1.
Table 2.1: Flow rates during the solvent exchange. The dimensions of the
flow channel were constant in all experiments.
Q (µL/min) Re Pe U (mm/s)
100 0.04 111 0.53
200 0.08 222 1.06
400 0.17 444 2.12
800 0.34 889 4.23
1600 0.67 1778 8.47
2.3 Results
The morphology of droplets produced on horizontal and vertical substrates were
characterized to examine the gravity effect. Figs. 2.2a,b show a representative
three-dimensional view and the plot of the droplet height versus the lateral size.
The shape of all the droplets are spherical caps with a height (H) of 50 nm to
1.2 µ m, a lateral diameter (L) of 2–40 µ m. The ratio between the droplet height
and the lateral diameter is approximately 0.03, corresponding to a contact angle
around 6◦. So the droplet morphology is same for different tilting angles and not
Chapter2 44
influenced by gravity, which is expected as the droplet size is so small that the
capillarity force dominates.
Optical images in Fig. 2.2c show the droplet size as the substrate was positioned
at different angles. The droplets are significantly larger on the substrate that was
faced down than that faced up toward the flow at the same rate of 100 µL/min.
Moreover, the probability distribution function (PDF) in Fig. 2.2d illustrates that
the distribution of droplet size can be varied dramatically by simply turning around
the fluid channel with an angle of 0◦, 90◦, 180◦ to 270◦.
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Figure 2.2: The morphologic features, optical image and size distribution of
the surface droplets formed in the solvent exchange process. (a) Representative
3D AFM image of the polymerised surface droplets. (b) Height H versus lateral
diameter L of the surface droplets. The slope is certified to be nearly indepen-
dent of the tilting angle. So the contact angle of surface droplet is independent
of the tilting angle as well. (c) Reflection-mode optical images of the ploymer-
ized surface droplets produced at the flow rate 100 µL/min of four tilting angles
(0◦, 90◦, 180◦, and 270◦). (d) PDF versus L (in µ m) on a logarithmic scale.
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We further examined the gravity effects on the droplet size by varying the flow
rate from 200 µL/min to 1600 µL/min at each fixed angle. As shown in Fig. 3.5,
for a given flow rate the droplet size always follow the same order on the substrate
of 0◦ < 90◦ < 180◦. For low flow rates of less than 800 µL/min, an downward
flow on a 270◦ substrate produced much larger droplets than an upward flow on
a 90◦ substrate. However, this difference diminished as the flow rate increased
to 1600 µL/min, and the droplet size became the same from both upward and
downward flow.
The droplet volume per unit surface area was calculated according to the lateral
diameter and the droplet contact angle of 6◦ resulting from Fig. 2.2b. The analysis
shows that the volume of the droplets increases with the flow rate. For a fixed
angle of 0◦, 90◦ or 180◦, the droplet size increases with the Peclet number of the
flow as V ol ∝ h3Pe3/4, as shown in Fig. 2.4. This is consistent with the recent
report on the droplet formation under controlled flow conditions. Our results show
that the scaling law (V ol ∝ h3Pe3/4) is valid not only on the horizontal substrate
at the angle of 0◦,[162] but also on the substrate at the angle of 90◦ or 180◦.
After having shown the Peclet number scaling relations of the droplet volume for
various orientations as derived in ref. [162], we would now like to address the
prefactor. Therefore, we fit the data for the volume (V ol) in Fig. 2.4b with the
scaling law V ol = f(θ)h3Pe3/4, with an orientation dependent prefactor f(θ). The
ratio of these prefactors between the upper (θ = 180◦), the lower (θ = 0◦), and
the vertical (θ = 90◦) wall is 6.3 : 1 : 2.5. We will explain soon that this ratio is
exactly due to the gravitational effect.
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Figure 2.3: Optical images and PDF of four substrate positions at various
flow rates. (a-d) More optical images of four positioning angles at different flow
rates: 200 µL/min, 400 µL/min, 800 µL/min and 1600 µL/min. (e-h) The
corresponding results of PDF versus L (µ m) on a logarithmic scale to optical
images (a-d).
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Figure 2.4: Size of surface droplets formed at different tilting angles and flow
rates under the channel height 0.21 mm. (a) Averaged volume per µ m2 of
surface droplets as a function of various flow rates of four tilting angles. (b)
Averaged volume of surface droplets versus the Peclet number on a log-log
plot. The dashed lines show the slope of 3/4, corresponding to the scaling law
V ol ∝ h3Pe3/4.
2.4 Discussion
We will now explain the gravity effects on the droplet size. The sketch in Fig. 2.5a
illustrates a perfect parabolic profile of the moving front where the mixing between
two solutions occurs, providing the oversaturated oil for the formation and growth
of surface droplets. The volume of droplets increases with the Peclet number of the
flow as V ol ∝ h3Pe3/4.[162] However, an ideal parabolic profile of the moving front
of the solvent exchange is only the case in the absence of gravity effect. In general,
however, one solution is lighter than the other one, with a density difference ∆ρ.
In our case the lighter solution A (with density 0.9 kg/m3) is displaced by a flow
of denser solution B (with density ρ = 1.0 kg/m3), i.e., ∆ρ = 0.1 kg/m3. As
the channel is laid flat, the profile of moving front may not be symmetric any
more, due to the density difference between solution A and B. The profile of the
moving front is shifted downward, and consequently the position of the maximal
flow velocity is lower than h/2 of the channel.
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The crucial control parameter controlling these gravity effects is the Archimedes
number[40, 43, 111]
Ar =
gh3
ν2
∆ρ
ρ
(2.1)
where g = 9.81 m/s2 is the gravitational acceleration and ν = 10−6 m2/s is the
kinematic viscosity. For large Ar  1 (i.e., larger density difference or channel
height) gravity plays a prominent role, whereas for small Ar  1 (i.e., smaller
density difference or channel height), the gravity effect can be neglected. In our
experiments h = 0.21 mm, ∆ρ/ρ = 0.1, and ν = 10−6 m2/s, and we obtain
Ar ≈ 10. So the gravity indeed plays a substantial role on the shape of the front
profile. Later we will perform experiments in a h = 0.07 mm channel, resulting in
Ar ≈ 0.35. Indeed, in that case we will not find effects of the orientation of the
channel, i.e., no gravity effects.
How does the effect of gravity, which becomes dominant for Ar ≥ 1, qualitatively
work? The maximum of the flow will no longer be in the middle of the (horizontal)
channel, but be shifted slightly down, due to the denser water (solution B) as
compared to ethanol (solution A). Therefore, the oil-rich ethanol is pushed upward,
where it will nucleate larger droplets on the upper plate than on the bottom plate.
To further quantify the gravity effects, we define the position of the velocity peak
(Vmax) in a horizontal fluid channel. Vmax is at αh with α from 0 to 0.5. In the
case Vmax at the half channel resulted from a symmetrical parabolic profile (e.g.,
for Ar → 0), α is 0.5. When Vmax is on the bottom wall (e.g., for Ar → ∞),
α is 0, and concurrently it is 1 for the upper wall. Ideally, one should calculate
α(Ar) for the solvent exchange process. However, the detailed flow pattern will
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be complicated and time dependent; we will therefore leave α as a free parameter
to be determined from our data.
One crucial idea of our theory of ref. [162] was to assume the typical time scale
for the nanodroplet growth to be the diffusive time scale τ ∼ h2/D. When con-
sidering gravitational effects, this assumption needs an extension, namely, we use
the position of the velocity peak αh for the estimate of τ . The relevant length
scale is the distance between velocity maximum and wall, which determines the
diffusion time τ for the droplet growth, τ ∼ (αh)2/D, where D is the diffusion
constant. The consequence from a squeezed or stretched profile is the difference
of diffusion time for the droplet growth on the upper and lower walls, which is αh
for the latter and (1− α)h for the former.
By doing so, with the same reasoning and derivation as in ref. [162], we obtain the
scaling laws for the final volumes of the surface droplets after the solvent exchange:
On the bottom wall it is
V ol ∼ α3h3
(
cs,wat
ρoil
)3/2(
cs,eth
cs,wat
− 1
)3/2
Pe3/4, (2.2)
where cs,eth is the oil saturation concentration in ethanol, cs,wat is the oil saturation
concentration in water, h is the channel height, and ρoil is the oil density. On the
upper wall it is
V ol ∼ (1− α)3h3
(
cs,wat
ρoil
)3/2(
cs,eth
cs,wat
− 1
)3/2
Pe3/4. (2.3)
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On a vertical substrate with upward flow, the droplet volume is not influenced by
the gravity, thus α = 0.5,
V ol ∼ 1
8
h3
(
cs,wat
ρoil
)3/2(
cs,eth
cs,wat
− 1
)3/2
Pe3/4. (2.4)
For the given channel height and Peclet number, the ratio of the droplet volume
on the substrates placed at 0◦ (Vlower), 90◦ (Vvertical), and 180◦ (Vupper) thus is
Vlower : Vvertical : Vupper = 8α
3 : 1 : 8(1− α)3. (2.5)
From our experimental results for the prefactors (f(θ)) in Fig. 2.4b (channel
height h = 0.21 mm, corresponding to Ar ≈ 10) we had the ratio 1 : 2.5 : 6.3
or 0.4 : 1 : 2.52, resulting in α ≈ 0.37 for the droplet volume ratio of the lower
case to the vertical case, α ≈ 0.32 for the droplet volume ratio of the vertical case
to the upper case, and α ≈ 0.35 for the droplet volume ratio of the lower case to
the upper case. We conclude that α(Ar ≈ 10) ≈ 0.35 reasonably describes our
data, which for this Ar seems to us to be a reasonable deviation from the value
α(Ar = 0) = 0.5 without gravitational effects.
As stated already above, for small Ar  1, i.e., for small channel height h (see the
definition eq. (2.1), gravity effects will diminish. To confirm this, we conducted
experiments in another horizontal channel with a smaller height of h = 0.07 mm,
corresponding to Ar ≈ 0.35, at flow rate Q = 400 µL/min. The images and
the size analysis of the droplets are shown in Fig. 2.6. Indeed, we found that
there is no difference in the average volume of droplets on upper or lower walls,
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in contrast to the significant difference for the channel height h = 0.21 mm. This
result further supports the gravity effects on the droplet formation by the solvent
exchange. Meanwhile, according to eq. (2.4) for the situation without gravitational
effect shown in Fig. 2.6b, the droplet volume reduces with the cube of the channel
height. As the channel height decreases from 0.21 mm to 0.07 mm, we obtain
the droplet volume from 0.14 µ m3/µ m2 to 0.0075 µ m3/µ m2. This is in good
agreement with the prediction, given the resolution limit for the measurement of
the channel height by an optical microscopy. The schematics of the flow profiles
in the horizontal situation and the corresponding oil oversaturation pulses ζ(t) of
the lower and upper wall for channel heights 0.21 mm (Ar ≈ 10) and 0.07 mm
(Ar ≈ 0.35) are shown as Fig. 2.6c and d, respectively. As the channel height
decreased from 0.21 mm to 0.07 mm and Ar from  1 to a value smaller than 1,
the value of α goes up from 0.35 to close to 0.5, i.e., the value of the symmetric
situation.
With our understanding of gravity effects, we now re-examine the experimental
results of ref. [162], where the droplets were produced on the bottom wall of
horizontal channels of three different heights. As the channel height increased
from h1 = 0.33 mm, h2 = 0.68 mm to h3 = 2.21 mm (corresponding to Archimedes
numbers of Ar1 = 36, Ar2 = 314, and Ar3 = 10794, respectively), the available
time τ ∼ h2/D for the droplet growth increases. In ref. [162] it was also conjectured
that in the two higher channels, convection rolls further contribute to the better
mixing, and hence enhance the droplet growth. The convection rolls occurred
for the two higher channels as for those cases the Rayleigh number was above
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Figure 2.5: Geometrical schematics of solvent exchange process in different
tilting angle (a: 90◦, b: 0◦ and 180◦). The vector g points in the direction of
gravity. The dashed lines show the position of the maximal flow velocity at each
situation.
the critical value for onset of convection. In ref. [162], the ratio of the droplet
volume was found to be approximately 1 : 1.4 : 2.8 for the three channels of height
0.33 mm, 0.68 mm, and 2.21 mm, respectively. This ratio is much smaller than
h31 : h
3
2 : h
3
3, as according to eq. (2.2) the gravity effects must be considered, too,
namely (apart from the effects of the convection rolls) the volume ratio should be
(α(Ar1)h1)
3 : (α(Ar2)h2)
3 : (α(Ar3)h3)
3, with a monotonously decreasing function
α(Ar). Clearly, the gravity effects reduce the droplet volume and thus partly
compensate the collective contributions from the larger channel height and the
convection.
As experimentally seen, gravity also influences the droplet formation in the vertical
flow. As seen from Fig. 2.2c and 3.5(a-d), the droplet volume is larger for the
downward flow than for the upward flow, which is particularly pronounced at slow
flow rates. Two possible effects may contribute to this feature: First, although
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tilting angles under the channel height 0.07 mm at the flow rate 400 µL/min.
(c) and (d) Actual profile of flow at the horizontal set and the corresponding
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height 0.21 mm and 0.07 mm, respectively.
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the flow rate of solution B was controlled, the body force due to the density
difference (∼ 10%) between solution A and B differently affects the fluid velocity
for downward and upward flow: For downward flow, the actual flow rate may in fact
be slightly larger due to gravity, leading to an effectively larger Peclet number.
This effect would be particularly pertinent at low flow rates (as indeed seen in
Fig. 2.4). Specifically, according to the droplet volume per area shown in Fig. 2.4,
the actual flow rate for the case with downward flow at 100 µL/min reaches
about 800 µL/min, which suggests that the flow rate enhancement from the body
force on downward flow is about 700 µL/min. Therefore, this enhancement on
downward flow would be particularly obvious when the flow rate is slow, but can
be reasonably ignored when the flow rate is fast such as 1600 µL/min. Second,
it could be that for downward flow (water pushing down the lighter ethanol) the
Rayleigh-Taylor instability[35, 76] leads to enhanced mixing at the interface and
thus to larger droplets. Again, this effect would be relatively more pronounced at
low flow rates than at large flow rates, as then the instability has more time to
develop. Additionally, we do not want to exclude that there are deficiencies in our
control of the flow rate Q, in particular as the overall volume changes when mixing
ethanol and water. We noticed that some droplets line up along the downward flow
direction at slow flow rates, in contrast to the rather homogeneous distribution
over the entire surface in case of an upward flow. This suggests a nonuniform flow
in our channel connected gravity effects.
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2.5 Conclusions
In summary, we experimentally and theoretically investigate gravitational effect
on the nucleation and growth of surface nanodroplets during the exchange of a
lighter good solvent by a heavier poor solvent. With a channel height of 0.21
mm, we found the droplet size is significantly larger on the upper wall than that
on the lower wall. The gravitational effect is attributed to the nonsymmetrical
parabolic profile of the mixing front under gravity. Specifically, the position of the
maximal flow velocity is shifted away from the upper wall towards the lower wall.
Consequently, the diffusion time for the droplet growth is longer for the upper
wall, and shorter for the lower wall. The ratio of the droplet volume on the lower
and upper wall followed α3 : (1 − α)3, where the position of velocity peak Vmax
is αh. When the channel is placed vertically in an upward flow, or is reduced in
height, the gravity effect becomes negligible for the droplet formation. The results
in this work have clearly demonstrated that the droplet nucleation and growth is
coupled with the flow conditions near the boundary. The finding will guide the
design of the flow conditions in the solvent exchange for the controlled formation
of surface nanodroplets.
Chapter 3
Large scale flow-mediated
formation and potential
applications of surface
nanodroplets
3.1 Introduction
Surface nanodroplets are of significant interest because of their novel fundamen-
tal properties,[31, 41, 77, 106] as well as broad applications across lab-on-chip
devices,[56, 115] DNA and cell analysis,[45, 89] highly efficient miniaturized reactors,[92,
95] high-resolution near-field imaging technique,[70, 125, 145] and high-throughput
56
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screening and analysis.[55, 110, 118] Various top-down methods have been de-
veloped to fabricate surface nanodroplets with an adjustable size, and in well-
arranged patterns,[68, 73, 144] including dip-pen nanolithography,[55, 59] inject
printing,[68, 75, 130, 143] surface wrinkling[24] and controlled dewetting of poly-
mer films.[65, 140] Solvent exchange is a simple bottom-up approach for forming
a large quantity of nanodroplets on an immersed substrate.[78, 162] Specifically, a
hydrophobic substrate is exposed sequentially to two miscible solutions, where the
second solution has a lower solubility of the droplet liquid than the first solution.
The system is oversaturated at the mixing front of the two solutions, leading to
the nucleation of nanodroplets on the substrate.
Our latest work has significantly advanced understanding of the principle of solvent
exchange. The size of nanodroplets is controlled by several parameters, including
flow rates, flow geometry, gravitational effect and composition of solutions.[80, 152,
156, 162] The mean droplet volume is determined by the Peclet number (Pe) of the
second flow as ∝ Pe3/4 and scales with h3 based on the scaling law of diffusion time
τ to the channel height: τ ∝ h2/D. Yu et al.[156] has addressed the gravitational
effect on the solvent exchange process and pointed out that the influence of gravity
can be eliminated by an upward flow. Lu et al.[80] investigated systematically the
influence of solution composition on the droplet size by utilizing a ternary system of
cyclohexane, water, and ethanol to form water droplets on a hydrophilic substrate
and cyclohexane droplets on a hydrophobic substrate. They found the maximal
droplet volume was limited by the phase separation of the solvents used in the
solvent exchange, and the key feature to the droplet diameter was the square root
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of the area A, defined by the phase boundary and the concentration ratio between
the good solvent and the droplet liquid in the Ouzo zone in the three−phase
diagram. Furthermore, highly ordered nanodroplet arrays have been achieved on
pre-patterned substrates with controlled volume down to femtolitres.[9]
Formation of nanodroplets over a large surface area is essential for many practi-
cal applications, such as surface functionalization or droplet-based analysis and
separation. Up to now, the nanodroplets usually form on a substrate over a sur-
face area of approximately 1 cm2 situated in a microchannel. In this work, we
reveal the high potential of the solvent exchange in the production of surface nan-
odroplets on a planar or curved substrate over a large surface area. The design
of the solvent exchange is guided by the mechanism of the droplet formation in
the flow. We have produced the nanodroplets with a tailored size distribution on
an entire silicon wafer over a surface area of ∼ 100 cm2. Nanodroplets were also
produced on the inner surface of capillary microtubes in a bundle by an upward
solvent exchange process. We expect that there are no fundamental hurdles for
the solvent exchange to be applied to an even large planar surface (such as a
window) or more microtubes in parallel, promising a general platform for droplet-
based technology. To achieve this, the main controls of the solvent exchange are
shown to be (1) a vertical uniform upward laminar flow of the second solution at
controlled flow rates; (2) a uniform and narrow distance between the substrate
and the opposite channel wall. Large-scale production of uniform nanodroplets
provides a general and effective platform for a wide range of droplet-based appli-
cations, among which we will demonstrate three proof-of-concept experiments in
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highly efficient liquid-liquid microextraction to preconcentrate hydrophobic solute
in in-situ microanalysis, and in fabrication of highly ordered nanolens arrays for
light manipulation and polymer-capped hybrid microstructures.
3.2 Experimental section
3.2.1 Chemicals and Substrates
1,6-hexanediol diacrylate (HDODA, 80%) and 2-hydroxy-2-methylpropiophenone
(97%) were purchased from Sigma-Aldrich and used as the monomer and the initia-
tor in the photopolymerization process, respectively. An oil-phase stock solution
consisting of the monomer and the initiator with a volume ratio of 10:1 was pre-
pared. Then 2 ml of this stock solution was dissolved in 100 mL 50 vol% ethanol
aqueous solution to form solution A. Solution B was prepared by dissolving 14
mmol/L (1 time the critical micelle concentration (CMC)) dodecyltrimethylam-
monium Bromide (DTAB) into HDODA-saturated water. Four-inch Silicon wafers
(University Wafer Inc., Boston, MA) were cleaned in piranha solution (70% H2SO4
and 30% H2O2) at 85
◦C for 30 mins and used as the substrate. The large-scale
prepatterned substrate was fabricated following the next steps: First, spinning
photoresist (AZ1512HS, MicroChemicals GmbH, Ulm, Germany) on a clean sili-
con wafer (or glass wafer) and then exposing to UV light through a well-designed
photomask; Second, washing by developer solution and distilled water; Third, the
substrate was treated by chemical vapor deposition (CVD) of OTS. Thus, the
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unprotected circular domains were transformed to be hydrophobic and the re-
maining protected part would be hydrophilic after further stepwise washing by
acetone, isopropyl alcohol (IPA) and ethanol. The contact angle of water in air
on the hydrophobic and hydrophilic domains were 118◦ and 10◦, respectively. The
roughness of the substrate was below 2 nm after CVD treatment.
3.2.2 Formation and characterisation of surface nanodroplets
A schematic of the side view of the fluid cell for the large-scale solvent exchange
process is provided in Fig.3.1a. During the experiments, the large-scale fluid cell
was first filled with solution A, then solution B was injected from the bottom
of the fluid cell at a specific flow rate, which was controlled by a syringe pump.
The substrates were fixed vertically, and the solutions had an upward flow.[156]
In order to enable uniform flow rates across the fluid cell, a groove was made in
the cell which was connected to the inlet. The outlet was open across the top of
the cell. The width (w) and channel height (h) of the fluid cell is about 10 cm
and 0.7 mm, respectively. The fluid parameters (Peclet number Pe and Reynolds
number Re) can be obtained at different flow rates Q according to the equations:
Pe = U¯h/D = Q/wD and Re = U¯h/v = Q/(wv), where ν is the viscosity
(ν = 10−6 m2/s) and D is the diffusivity (D ≈ 1.0 × 10−9 m2/s).[53, 54] For the
large-scale fluid cell at different flow rates (500 µ L/min, 1000 µ L/min and 2000 µ
L/min), Pe is 83, 167 and 333, and Re is 0.03, 0.06 and 0.12, respectively. As
Re numbers of all the experiments are less than 1, the flow regime in the large-
scale fluid cell is laminar flow. After surface nanodroplets formed on the substrate
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by the solvent exchange process, the fluid cell was placed under a UV lamp (365
nm, 20 W) for 15 minutes to photopolymerize the nanodroplets into nanolenses.
Finally, the substrate with nanolenses was washed by ethanol and dried in a gentle
nitrogen stream.
The surface nanodroplets were charactered using reflection mode optical microscopy
(Huvitz HRM-300), fluorescence microscopy (ECLIPSE Ci, Nikon, light source:
INTENSILIGHT C-HGFI, Nikon) and atomic force microscopy (AFM, Dimension
Icon-Bruker, ScanAsyst mode). The cantilevers for AFM imaging were purchased
from Bruker (SCANASYST-AIR). The corresponding optical images were tested
by reflection-mode optical microscopy and further analysed to calculate the mean
diameter and probability distribution function (PDF).
3.2.3 Surface nanodroplets for liquid-liquid extraction
The solvent exchange process described above was used to form highly ordered
surface droplets on a vertical prepatterned substrate at Q = 50 µL/min, h =
0.35 mm and w = 15 mm. Rhodamine 6G aqueous solution with the concentration
of 5, 10 and 15 ng/ml (c1, c2 and c3) were then pumped into the system at a flow
rate of Q = 400 µL/min. As the solubility of HDODA in water is only 0.343 kg/m3
and the duration of dye extraction is several minutes, we neglect the dissolution
of HDODA in dyed water.[163] The dye extraction processes were recorded by
top-view fluorescence microscopy. Then, the view was divided into two parts for
further analysis: One part is the area above the patterned surface droplets (Part
1, oil droplet covered region). The other part is the surrounding area above the
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substrate (Part 2, non oil droplet covered region). The averaged fluorescence
intensities of two Parts (I1 and I2) were analyzed by self-written Matlab codes.
3.2.4 Fabrication of highly-ordered nanolens arrays and
polymer-capped hybrid microstructures
The highly-ordered nanodroplet array of HDODA was directly produced on the
prepatterned glass substrate, and then transferred into nanolens array by light ini-
tiated polymerization. The diffraction experiments were operated by projecting a
beam of white light normal through a pinhole to the 5 µm and 10 µm lens arrays,
respectively. The polymer-capped hybrid micropillars were fabricated by a stan-
dard three-step deep reactive-ion etching (DRIE, Bosch etcher Oxford PlasmaPro
100 Estrelas) process. During DRIE process, the top surface nanolenses were ap-
plied as the protection layer. Height of micropillars was controlled by the etching
duration of DRIE fabrication.
3.3 Results and Discussion
3.3.1 Formation of nanodroplets over a large area on a
planar or curved surface
The solvent exchange was first performed to produce surface nanodroplets over a
silicon wafer in a flow channel as sketched in Fig.3.1a. The photograph of the sub-
strate after the polymerization of droplets (Fig.3.1b) appeared to be homogeneous
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except two narrow areas near the end, suggesting a consistent size distribution
of droplets over a large surface area. The lateral base diameter of surface nan-
odroplets was extracted from high resolution optical images Fig.3.1c. The aspect
ratio of the droplets based on AFM height images represented in Fig.3.1d was
about 0.12, consistent with the previous report of 0.11 at the same surfactant
concentration.[152] This aspect ratio corresponds to a contact angle of 27deg,
which is used to calculate the droplet volume along with its lateral diameter.
The size distribution of surface nanodroplets was analyzed from the images taken
from nine locations (249 µ m×187 µ m each) in a 3×3 array on the wafer with the
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Figure 3.1: Illustration of large-scale solvent exchange process at the flow rate
of 500 µ L/min. (a) Sketch of large-scale solvent exchange process and nine
locations picked for analysis. (b) Macroscopic photo of nanolenses on the whole
silicon wafer. A defect at top right corner is caused by one bubble located at
the edge of the outlet groove. (c) Optical images of polymerised droplets. Scale
bar: 20 µ m. (d) 3-D AFM morphology and cross-section profile of polymerised
nanodroplets.
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Figure 3.2: Size distribution of droplets at different locations at the flow rate of
500 µ L/min. (a) PDF analysis; (b) Plot of average diameter and volume at the
corresponding locations. There is no difference in the droplet size distribution
at different locations.
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Figure 3.3: Highly ordered surface nanodroplet array on a pre-patterned sub-
strate over a large area. (a,b) Optical images at different amplifications and (c)
3-D AFM morphology of surface droplet on the large-scale prepatterned sub-
strate. The height and lateral diameter are 1.28 µ m and 10 µ m, respectively.
interlocation distance of approximately 3 cm (Fig.3.1a). The analysis (Fig.3.2)
shows, that there is no difference in PDF, mean diameter, or volume of surface
nanodroplets on different locations. The droplet lateral diameters vary from 1 µ
m to about 11 µ m with the maximal probability at 4 − 5 µ m. The mean di-
ameter (D) is approximately 4.2 µ m, and the averaged volume per µ m2 was
0.134 µ m3/µ m2. This size distribution of the droplets is not due to the flow
variation, but due to the unconfined growth and coalescence among droplets on
Chapter3 65
(b)
50 μm 50 μm
20 μm200 μm
Zoom
in
(a) (b)
Solution B
Solution A
Figure 3.4: Surface nanodroplets on curved inner surface of microtubes. (a)
Schematic drawing of nanodroplet formation in multiple capillary tubes by sol-
vent exchange. (b)Optical images at different amplifications of surface droplet
formation on the inner surface of capillary tubes. The inner diameter of the
microtubes was a 0.7 mm and the length was 10 cm.
the homogeneous substrate, analogous to the formation of dew droplets through
heterogeneous nucleation on a substrate.[13] The results clearly show that the sol-
vent exchange is capable of producing a large surface area of surface nanodroplets
with the same size distribution.
According to the scaling law reported in our former work[156]:
V ol ∼ α3h3
(
cs,wat
ρoil
)3/2(
cs,eth
cs,wat
− 1
)3/2
Pe3/4, (3.1)
where cs,eth is the oil saturation concentration in ethanol, cs,wat is the oil saturation
concentration in water, ρoil is the oil density, and h is the channel height. The
volume of oil droplets (with a contact angle of 6deg) formed on the vertical Si-
OTS substrate with an upward flow is 0.0138 µ m3/µ m2 at Pe = 111 and h =
0.21 mm. Based on this data and combining with the experimental parameters
in this work: the oil concentration in solution A is reduced to 0.2 vol%, Pe =
83 and h = 0.7 mm, the theoretically calculated volume of droplets should be
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0.145 µ m3/µ m2 according to Equation. 3.1. This theoretical value of the volume
matches the averaged volume (0.134 µm3/µm2) we got on the silicon substrate with
the surfactant present at 1 CMC. This means the volume of the surface droplets
formed by the large-scale solvent exchange process can be tailored according to
Equation. 3.1.
Besides the large-scale formation on a homogeneous substrate, a highly ordered
array of surface droplets can be formed on the chemically prepatterned substrate
over a large surface area, as shown in Fig.3.3a,b. The size of the nanodroplets in
the array is highly uniform, following the prepattern of the hydrophobic domains
on the entire wafer. The height of each droplet is about 1.28 µ m and the corre-
sponding 3-D image is shown in Fig.3.3c. The droplet volume can be mediated
by the flow rate or oil concentration in the solutions. Our previous work showed
that on small hydrophobic domains with a diameter of 1 µm, the solvent exchange
could produce a highly-ordered array of attolitre droplets.[9] Consequently, the
contact angle or aspect ratio of the lenses in the array is adjustable by the flow
rate or solution conditions,[9, 10] due to the constant contact area growth mode
of the droplet on the hydrophobic domain. Once the contact angle of the droplets
reach a critical value, the three-phase contact line may depin from the domain
boundary, leading to expansion of the droplets toward the hydrophilic surround-
ing area. Under our experimental conditions, the contact angle of the droplets on
the hydrophilic area was about 120◦, which limits the maximal contact angle of
the lenses in the array.
The solvent exchange can be also simply applied to produce nanodroplets on
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curved surfaces. We demonstrated this possibility by forming nanodroplets on
the inner surface of capillary microtubes shown in Fig.3.4. During the solvent
exchange, the microtube filled with the first solution was placed vertically into
the second solution, that was dragged upward by a negative pressure from the
other end. The droplets formed evenly over the inner wall. The solvent exchange
was also performed to simultaneously produce nanodroplets on 20 capillaries in
a bundle. The key to a desirable droplet size distribution is the controlled flow
conditions, including Peclet number of the flow and channel geometry. The gravi-
tational effects on the flow have been eliminated by placing the substrate vertically
and supplying the heavier second solution upward. A constant flow rate must be
maintained during the entire solvent exchange process, which determines the mean
size of droplets.
Now we point out that the solvent exchange is an extremely fast approach for
producing surface nanodroplets in terms of the number of droplets per unit time
(f). At the flow rate of 500 uL/min, the number density (n) of nanodroplets per
unit surface area was 2.5 × 106 per cm2, based on our statistical analysis of the
images over 9 areas in Fig.3.1a. We estimate f as below.
f =
N
t
=
ns
hs
Q
=
nQ
h
. (3.2)
Here, N is the total number of nanodroplets on the substrate (N = ns), t is the
time for the channel to be filled with second solution (t = hs/Q) and s, the surface
area of the substrate. The channel heigh, h, is 0.7 mm in the experiments. Thus,
f is 3× 104 droplets per second.
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In the nanodroplet formation by solvent exchange, the number density n is in-
fluenced by both Q and h. In a different flow channel, we halved h to 0.35 mm
and doubled Q to 1000 uL/min, and obtained n of over 107 per cm2. With these
settings, f went up to 5 × 105 per second. Further, if two substrates are placed
face-to-face on both channel walls, the droplets can form simultaneously on both
surfaces. Hence the value of f could be easily doubled to 1× 106 per second.
3.3.2 Tuning the droplet size by the local flow rate
The flow conditions can be potentially employed to selectively modulate the local
droplet size as shown in the following section. As sketched in Fig.3.5a, the flow
rate was varied from Q1 (500 µ L/min) at the beginning, and then Q2 (1000 µ
L/min) to the last Q3 (2000 µ L/min). The difference in the droplets at different
zones is visible from the macroscopic photo and optical images of the substrate
with polymerized droplets in Fig.3.5b,c. There are two lines corresponding to
the locations, where the flow rate was switched from Q1, Q2 to Q3. The shift of
the droplet size with the flow rate at three locations is clearly reflected in PDF
of the droplet diameters, as shown in Fig.3.5d,e. We measure, that increasing
the flow rate by a factor of 4 increases the droplet diameter by 50 %, hence the
diameter can be varied by changing the flow rate. Based on our recent theoretical
framework,[156, 162] for the same channel height (h), D scales with ∼ Pe1/4 or
∼ Q1/4.
On the other hand, the correlation between the droplet size and the flow rate
enables us to estimate the local flow condition based on the droplet size. For
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example, we could determine the location where the flow rate switched from Q1
to Q2 in the image in Fig.3.5f. We obtained the mean droplet size over the entire
area of the image, based on which we could determine the exact location of the
transition:
Dmean = αD1 + (1− α)D2 (3.3)
Here the mean diameter Dmean, is 4.61 µm, D1 is 4.11 µm at Q1, and D2 is 5.04 µm
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Figure 3.5: Flow rate control in the large-scale solvent exchange process. (a)
Sketch of flow rate varied in one solvent exchange process. (Q1: 500 µ L/min,
Q2: 1000 µ L/min, Q3: 2000 µ L/min) (b) Macroscopic photo (7 cm × 2 cm)
with the corresponding varied size of nanodroplets. (c) Optical images with
an upward flow direction, the scale bar is 20 µ m. (d) PDF analysis, (e) Mean
diameter of surface droplets at the different flow rates. (f ) Optical images of the
nanodroplets located at the boundary between Q1 and Q2. The flow direction
is from bottom to the top with α = 0.46 and the scale bar is 20 µ m. As the
flow rate increased from 500 µ L/min, 1000 µ L/min and 2000 µ L/min, the
mean diameter of the surface droplets formed were 4.11, 5.04 and 5.91 µ m,
respectively.
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at Q2. The exact position of the transition is at αw, and we obtain α = 0.46. In
reverse, it is also possible to determine the flow rate based on the droplet size.
3.3.3 Microextraction and fabrication of microstructures
based on surface nanodroplets
Overall, the above results show that surface nanodroplets can be produced by
solvent exchange on a large surface area, providing a general platform for various
nanodroplet-based applications. Below we will demonstrate the applications of
surface nanodroplets in microextraction from a highly diluted solution. Such sur-
face bound droplets may not be good for large scale extraction in a continuous flow.
However, surface nanodroplets may be promising for concentrating hydrophobic
compounds from aqueous solutions for highly sensitive analysis. This approach is
similar to a single microdroplet extraction in current analytic techniques,[58] but
with millions of droplets in parallel. The hydrophobic solute in an aqueous solution
can be concentrated into the nanodroplets and detected in-situ by surface sensi-
tive techniques without further separation that is usually required in dispersive
microdroplet extraction in bulk.[109] Furthermore, the long lifetime and temporal
stability of surface nanodroplets allow for some long-term extraction process and
extraction without addition of stabilisers.
To demonstrate the feasibility for microextraction, surface nanodroplets on prepat-
terned substrate were exposed to an aqueous solution to extract the hydrophobic
dye from the flow. The process for the dye extraction is sketched in Fig.3.6a.
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Figure 3.6: Illustration of dye extraction experiment. (a) Sketch of the exper-
iment procedures and optical image of patterned surface droplets. (b) Repre-
sentative snapshots in the extraction process under fluorescence microscopy at
different time evolutions (c1: 0, 20, 40 and 160 s; c3: 0, 20, 60 and 160 s). The
zero point of time is set as when the value of I2 is not equal to zero anymore.
Scale bar: 10 µ m.
The optical image in Fig.3.6a shows surface droplets formed on the prepatterned
substrate before dyed water was flushed into the fluid cell. Several representative
snapshots shown in Fig.3.6b obviously demonstrate the variation of fluorescence
intensity in the dye extraction process with a dye concentration of c1 and c3 in
water. The top-view movies of the entire process with different dye concentrations
in water are provided as support information (Movie S1-3).
The ratio of the intensity from oil droplets, I1, and from the surrounding area,
I2, is plotted as a function of time (t) in Fig.3.7a. When the dye concentration
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Figure 3.7: Dye extraction experiment analysis. (a) Fluorescence intensity
ratio (I1/I2) versus. time plot. (b) Calculated coil versus. time plot. (c) coil
at dissolving balance and the extraction durations versus. cwater plot, coil =
(40.3± 13.7)cwater.
in water is c1 (about 5 ng/ml), the dye intensity ratio gradually increases until
it is finally constant after 40 s, suggesting the transfer of dye from water phase
to oil phase. When the dye concentration in water is further increased, there is
an obvious peak in the plot. This may be due to a weaker background (smaller
I2). The time of the dye extraction process at c2 and c3 is about 80 s and 130 s,
respectively.
From the intensity ratio (I1/I2), we quantitatively calculated the dye content in
oil droplets:[3, 52]
I = 2.3I0εcbφ (3.4)
where, I is fluorescence intensity, , I0 is intensity of light source, ε is molecular
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absorption coefficient of Rhodamine 6G, c is dye concentration, b is the length of
the light path and φ is the fluorescence quantum yield of Rhodamine 6G.
I1 = 2.3I0ε[cwater(h− H¯)φwater + coilH¯φoil] (3.5)
I2 = 2.3I0εcwaterhφwater (3.6)
If we neglect the difference between φwater and φoil,[87] the intensity ratio
I1
I2
=
cwater(h− H¯) + coilH¯
cwaterh
(3.7)
Here, cwater and coil are the dye concentrations in the water phase and oil phase,
respectively. h is the channel height (350 µ m) and H¯ is the droplet volume divided
by the base area, which is 0.654 µm. The droplet volume is obtained from the
AFM image in Fig.3.3c. H¯ is much less than the channel height h, so
I1
I2
=
cwaterh+ coilH¯
cwaterh
= 1 +
coilH¯
cwaterh
. (3.8)
coil = 535(
I1
I2
− 1)cwater. (3.9)
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The calculated coil is plotted as a function of time in Fig.3.7b, showing that the
corresponding coil at time of 160 s increased from about 300 to 500 ng/ml, increas-
ing the concentrations in water by a factor of 3. As shown in Fig.3.7c, the fitting
to eq. 3.9 gives
coil = (40.3± 13.7)cwater, (3.10)
which means the concentration of dye in the droplets is about 40 times higher than
in water. This result demonstrates that simple extraction by surface nanodroplets
can enrich the solute significantly, allowing for reliable detection of the hydrophobic
solute highly diluted in water.
The relationship between cwater and coil may be applied to determine the presence
or even the concentration of a hydrophobic compound in water. This result shows
that surface nanodroplets have potential in preconcentrating compounds from di-
luted solution for highly sensitive analysis. The extraction process is analogous to
a single droplet microextraction in the step to concentrate the compounds prior to
chemical analysis. A potential advantage of surface nanodroplet-based extraction
is that the extracted analyte is possibly detected in situ without requirement for
further steps to separate and collect the droplets. The detected signal here is the
fluorescent intensity, which in other cases may also be molecular spectra for the
measurement by those techniques with high surface sensitivity, such as attenuated
total reflection infrared.
Now we briefly show two potential applications of polymerized surface nanodroplets:
fabrication of highly ordered submicrometer lens arrays and construction of hybrid
Chapter3 75
microstructures. We have produced the lens array on a glass substrate with two ar-
eas of lenses as shown in Fig.3.8a. The diffraction patterns of the array were taken
by projecting a beam of white light normal to the lens array through a pinhole.
The highly regular diffraction patterns were observed over a large area as shown
in Fig.3.8b,c. Such submicrometer spherical lens arrays are important optical sys-
tems, such as high quality display, high resolution imaging technique, and light
harvesting device. A variety of approaches have been developed for fabrication
of microlens arrays, most notably by dewetting of thin film.[14, 138–140] Poly-
merization of surface nanodroplets is a bottom-up approach, where the polymeriz-
able droplets form through nucleation and growth. Compared to those top-down
approaches, such as by controlled dewetting of thin film, the nanodroplet-based
approach is also simple, flexible, and applicable for microlens arrays with tailored
size, curvature, or refractive index by varying the chemical and morphology of nan-
odroplets. The droplet-based approach for producing lenses will be advantageous
for nonplanar substrate where it may be challenging to prepare a uniform precur-
sor thin film for controlled dewetting. The substrate can be planar or nonplanar.
The droplet-based approach is different from the self-assembled nanolenses from
organic molecules.[70] Here the morphology of the precursor droplets allows the
control over the shape of lenses by surface wettability or interfacial tension.
In construction of polymer-capped microstructures, the surface nanodroplets were
produced and polymerized on a chemically prepatterned silicon wafer. Highly
ordered micropillars in Fig.3.8d,e are fabricated by etching the supporting sub-
strate vertically. The curvature of the polymeric caps can be tuned by the shape
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(a)
2.5 µm lens array 5 µm lens array
(b) (c)
(d) (e)
Figure 3.8: (a) Photograph of two lens arrays on a glass substrate against a
blue background. There are two prepatterned areas with 3 cm×3 cm each. Base
radius of the lens: 2.5 µm (left) and 5 µm (right). (b,c) Photos of diffraction
patterns generated by the corresponding highly ordered nanolens array: 2.5 µm
(b) and 5 µm (c). (d,e) SEM images of the arrays of hybrid micropillars. The top
of the micropillars is hydrophobic polymer (coloured in blue) and the straight
pole is hydrophilic silicon. Thickness of the micropillars: 5 µm (d) and 10 µm
(e).
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of surface nanodroplets, and the top polymeric cap can be further functionalized
to different chemical or physical properties. In our case, the microstructure is a
hydrophobic spherical cap on the top of a hydrophilic silicon pole. The dimen-
sions, such as thickness, height, and spacing of micropillars, are determined in the
standard microfabrication process. Those hybrid micropillar may be applied for
controlling liquid behaviors (such as nonwetting or bouncing) on the surface.
3.4 Conclusions
In this work, we have achieved the formation of surface nanodroplets over a large
surface area on a planar or curved substrate. Surface nanodroplets with the same
size distribution were produced over the surface of a homogeneous 4-in. silicon
wafer at an estimated production rate of 1×106 droplets per second. It is essential
to maintain constant flow conditions over the entire surface, while the local droplet
size could be conveniently tailored by the flow rate. Highly-ordered droplet arrays
were fabricated on a prepatterned substrate, while a large quantity of nanodroplets
can be also produced over the inner surface of capillary microtubes in parallel. In
our proof-of-concept experiments, we have demonstrated the application of surface
nanodroplets for concentrating and in situ analyzing hydrophobic dye from the
highly diluted aqueous solution in a very simple process. Furthermore, we show
that surface nanodroplets provide a general and simple platform for fabrication of
highly-ordered microlens array and of polymer-capped hybrid micropillars. This
work paves the way for many other surface nanodroplet-based applications.
Chapter 4
Formation of surface
nanodroplets facing a structured
microchannel wall
4.1 Introduction
Microscopic droplets are basic units in microfluidic devices, compartmentalized
cascade reactions, separation, biomedical diagnostics, and material synthesis.[70,
95, 133, 151] The droplet-based processes provide opportunities for optimising
chemical synthesis and analysis without the enormous labour and cost from screen-
ing huge combinatorial libraries.[118, 128, 131, 151] Significant research efforts have
been devoted to producing spatially organized stationary droplets with volumes of
femtolitres. The current techniques for producing submicron droplets are mainly
78
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based on top-down approaches by dividing a small volume of droplets from the
bulk liquid, for example, via parallel deposition by microfluidic robots,[170] trap-
ping droplets by microcavities, direct adsorption from emulsion droplets,[95] by
splitting a mother drop on nanopatterns on the surface,[73] or dewetting a thin
film on a patterned substrate.[139] These top-down approaches demand sophisti-
cated nanofabrication or processing techniques to produce even a small quantity
of surface nanodroplets and become more difficult for smaller droplets, due to the
increasing relevance of capillarity.
A simple alternative approach to produce nanodroplets in the bulk is through the
so-called ‘ouzo effect’.[142] When the Greek liquor Ouzo, consisting of ethanol,
water and anise oil, is diluted with water, the anise oil becomes oversaturated and
consequently nucleates nanodroplets, giving rise to the milky appearance of the
drink. The Ouzo effect has been widely applied to produce uniform droplet dis-
persions without using any surfactants, stabilizers or mechanical agitation[159] or
to produce highly homogeneous polymeric nanoparticles as pharmaceutical prod-
ucts where the approach is often referred to as ‘nano-precipitation’ or ‘solvent
shifting’.[6, 7, 50] When this process is performed in a microchannl with a hy-
drophobic substrate, the nanodroplets or gas bubbles nucleate on the surface.[77,
78, 165] In particular, the process, in which oil in ethanol solution is displaced
by water in a flow confined in a microchannel, is called solvent exchange. Very
recently, the solvent exchange has been developed into a highly reproducible ap-
proach to produce oil nanodroplets at solid-water interfaces.[162, 165] As a bottom-
up approach for nanodroplet production, solvent exchange is simple, flexible and
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scalable.[162].
The formation and organization of nanodroplets by solvent exchange in a uniform
flow geometry has in principle been theoretically understood,[9, 156, 162] although
a full quantitative understanding is still missing. Essentially a pulse of oil over-
saturation is created at the mixing front of ethanol solution and water, leading to
the formation of oil nanodroplets on the substrate. In a steady laminar flow, the
droplet volume per unit surface area scales with the Peclet number Pe of the flow
as h3cPe
3/4, where hc is the channel height.[162] The orientation of the channel with
respect to gravity also matters.[156] The size and arrangement of surface prepat-
terns restrict the base diameter and the location of the nanodroplets.[9, 10] The
solvent exchange process is applicable to a wide range of droplet liquids including
water, oils, or polymerisable monomers. The effects from the solution composition
on the droplet size can be understood based on the phase diagram of the ternary
system of the solvents.[83]
A key remaining question on nanodroplet formation in respect to applications is
how to control the droplet size and distribution on a homogeneous surface without
prepatterning this surface. Here, we propose an approach for positioning and ar-
ranging nanodroplets on a homogeneous substrate by local microfluidic structures
on the opposite channel wall, facing the substrate. Our proposed approach is based
on the correlation between the droplet size and the local flow conditions that cre-
ate the oversaturation to feed growing droplets. More specifically, we will embed
a microgap on the opposite microchannel wall in order to vary the local channel
height and hence mediate local mixing conditions for the droplet formation. Our
Chapter4 81
experimental results show that both the location and the size of nanodroplets are
responsive to the presence of the microgap on the opposite microchannel wall. Our
simulations reveal that the droplet size distribution may be attributed to the local
flow conditions induced by the gap. The understanding from this study will be
valuable for the design of solvent exchange processes to control the size and spatial
distribution of nanodroplets on non-patterned substrates. It is important to point
out that droplets of aqueous solution can also be produced by solvent exchange,
namely, when a water-insoluble organic solvent is used for the second solution.[83]
For applications, it would be interesting to accommodate biomolecules or cells in
such nucleating and growing aqueous droplets. To achieve this, we speculate that it
may be possible to add small biomolecules in biocompatible solvents (such as food
oils) during the solvent exchange process. Furthermore, by using prepatterned
substrates, ordered arrays of such droplets may be employed for high throughput
analyses.
4.2 Experimental and simulation section
4.2.1 Chemicals and substrates
The employed droplet liquid was a mixture of a polymerisable monomer, 1,6-
hexanediol diacrylate (HDODA) (80%, Sigma-Aldrich), and a photoinitiator, 2-
hydroxy-2-methylpropiophenone (97%, Sigma-Aldrich). A stock solution was pre-
pared by mixing these two liquids in a 10:1 volume ratio. Then 4 mL of this
stock solution was dissolved into 100 mL 50 vol% ethanol aqueous solution to
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prepare the first solution (A) in solvent exchange. The second solution (B) was
HDODA-saturated water.
Glass wafers (University Wafer Inc., Boston, MA) coated with a monolayer of
octadecyltrichlorosiliane (OTS-glass) were prepared by following the protocol re-
ported our previous work.[165] Before use, the substrate was cleaned by a CO2
snow gun (30 Gunjet Spraying Systems Co., Wheaton, IL, USA) to remove any
physically adsorbed aggregates on the surface.[156]
4.2.2 Solvent exchange and droplet characterization
During the solvent exchange process, solution A first filled the fluidic microchannel
and then was displaced by solution B at a flow rate controlled by using a syringe
pump. After solvent exchange, the fluid cell was placed under a UV lamp (365 nm,
20 W) for 15 minutes to photopolymerize the nanodroplets. Finally, the substrate
was rinsed with ethanol and dried in a gentle stream of nitrogen.
The size of the polymerized nanodroplets was charactered by using a reflection
mode optical microscopy (Huvitz HRM-300) and imaging by atomic force mi-
croscopy (AFM, Dimension Icon-Bruker). The atomic force microscopic images of
the polymerized droplets show that the ratio between the droplet height and the
lateral diameter is approximately 0.023, corresponding to a contact angle around 5
degrees. With this contact angle, we obtained the droplet volume per unit surface
area, v, from the droplet lateral diameter in optical images.
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Figure 4.1: A schematic of the solvent exchange under the gapped microchan-
nel structure with the notations of the geometrical parameters. w is the lateral
channel width, hc the channel height, hg the gap height, and lg the length of
the gap.
4.2.3 Flow conditions and microgap geometry
The proposed setup is shown in the schematic drawing in Figure 4.1. The key
feature of the rectangular flow channel lies in the well-defined microgap on the top
plate. The gap is aligned perpendicularly to the primary flow direction.
The sideward width w of the channel was 15 mm in all experiments. A microgap
structure on the top plate of the channel was fabricated by photolithography tech-
nique using a photoresistor (SU8 2025, MicroChem Corp., Westborough, USA).
The geometry of the microgap was measured by stylus profilometer (Dektak XT,
Bruker). The hydrophobic substrate was placed on the bottom plate, opposite
to the microgap structure. The control parameters of the flow and the channel
geometry are listed in Table 4.1. For a given channel height hc, in dimension-
less form, these are the Peclet number Pe, the aspect ratio Γ = lg/hc and the
height ratio r = hg/hc, where lg is the length of the gap, and hg its depth, shown
as Figure 4.1. In all of our experiments, the flow was in a laminar regime, i.e.
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Table 4.1: Flow conditions and geometrical parameters of the microgap during
the solvent exchange process. Here, Q is the flow rate, hc is the channel height,
hg the gap height and lg the length of the gap. Pe is the Peclet number.
Γ = lg/hc and r = hg/hc are aspect and height ratio, respectively.
No. Q (µL/min) hc (µm) hg (µm) lg (µm) Pe Γ r
1 50 130 210 1000 55.5 7.7 1.6
2 100 130 210 1000 111 7.7 1.6
3 200 130 210 1000 222 7.7 1.6
4 400 130 210 1000 444 7.7 1.6
5 50 130 210 100 55.5 0.77 1.6
6 50 130 210 200 55.5 1.5 1.6
7 50 130 210 500 55.5 3.8 1.6
8 50 130 130 500 55.5 3.8 1.0
9 50 130 350 500 55.5 3.8 2.7
Re = U¯h/ν = Q/(wν) < 1, where U¯ is the mean flow velocity. The channel
was placed vertically during the solvent exchange process to avoid gravitational
effect.[156] In the tapered channel with a smooth inclined top plate, the distance
between the top plate surface and the substrate varied from hg = 280 µm to 70
µm.
4.2.4 Control parameters for the droplet formation pro-
cess
The local channel height increases because of the opposing gap in the microchannel.
This geometry modification will change the local flow conditions for the droplet
formation process on the opposite wall. The dimensional flow parameters relevant
to the exchange process and thus affecting the resulting droplet volume per unit
surface area v = Vdrop/A are Q, hc, hg, lg, ν, and D, i.e.,
v = f(Q, hc, hg, lg, ν,D), (4.1)
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In our system, viscosity ν = 10−6 m2/s and diffusivity D ≈ 1.0×10−9 m2/s[53, 54].
According to Buckingham’s pi theorem, eq. 4.1 above can be nondimensionalized
as
v
hc
= f(Pe, Sc,Γ, r), (4.2)
We keep hc = 130µm and the Schmidt number Sc = ν/D at ∼ 1000 fixed in all
experiments. For a given flow geometry, the flow rate (i.e. Pe) will be varied, and
for a given external flow rate, the length (i.e. Γ) and the height (i.e. r) of the gap
will be varied independently.
4.2.5 Comsol simulations
Simulations were performed using Comsol Multiphysics (COMSOL AB, Stock-
holm, Sweden) for various channel geometries and at various flow rates to mimic
the solvent exchange process in a microchannel. The time dependent diffusion
equation coupled with the velocity field was solved to obtain the evolution of the
oil concentration field with space & time. The velocity field was calculated us-
ing the Navier-Stokes equation with no-slip boundary conditions at the top and
bottom walls, laminar inflow with an appropriate velocity according to the vol-
umetric flow rate at the entrance and zero pressure at the outlet. For the time
dependent diffusion equation, we have used no-flux boundary conditions at the top
and bottom walls and inflow with zero concentration at the entrance and outflow
(-n.D∇c = 0) at the outlet, where −n is the normal vector pointing inwards, D
is the diffusivity and c is the concentration of oil. To depict the oversaturation
pulse during the solvent exchange process, at time t = 0 a narrow region (10 µm
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thick) at the start of the channel was initialised with a uniform concentration
of oil, which is then convected and diffused simultaneously in the microchannel.
Simulations were performed for exactly the same flow conditions (Pe) and channel
geometry (Γ, r) as used for experiments which are also described in Table 4.1.
Note that the results from this model calculation of an advected (with velocity U ,
corresponding to the Peclet number Pe) blob of a passive scalar being smeared
out during the advection process are consistent with the approach employed in
ref. [162]. In that reference we had argued that the droplet volume scales with∫∞
−∞ ζ(t)dt ≈ ζmaxτ , where ζ = c∞/c0−1 is the (local) oversaturation of the oil, c∞
the oil concentration far away from the drop, c0 the saturation concentration, ζmax
the maximal oversaturation, and τ the duration of the oversaturation pulse. In
ref. [162] it was assumed that ζmax and τ are independent of the flow velocity (and
thus the Peclet number), as there is always new mixing between the two solutions
at their interface. In the present setup of our simulations both ζmax and τ depend
on Pe according to the Taylor-Aris dispersion scenario,[4, 72, 107, 132] namely
ζmax ∼ Pe1/2 and τ ∼ Pe−1/2, reflecting that at fixed position downstream for
large advection velocity the blob of oversaturation will be smeared out less as less
time has passed. However, the crucial point is that for the droplet volume only
the product of τ and ζmax enters, i.e.
∫∞
−∞ ζ(t)dt ≈ ζmaxτ ∼ Pe1/2 · Pe−1/2 ∼ 1,
which is independent of Pe, thus giving the same results as in ref. [162].
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Q1=50 µL/min
Q2=100 µL/min
Q3=200 µL/min
Q4=400 µL/min
200 µm1 mm length gap
Figure 4.2: Optical images of surface droplets formed at different flow
rates: Q1 = 50 µL/min (Pe = 55.5), Q2 = 100 µL/min (Pe = 111),
Q3 = 200 µL/min (Pe = 222) and Q4 = 400 µL/min (Pe = 444). The aspect
ratio Γ = 7.7, the height ratio r = 1.6 and lg = 1 mm in the experiments. The
black dashed line shows the location of the microgap. Flow direction: left to
right. Length of scale bar: 200 µm.
4.3 Results and discussion
4.3.1 Effects of the flow rate Pe
The geometry of the gap on the microfluidic channel was first fixed, while the flow
rate of the solvent exchange was varied from Q1 at 50 µL/min to Q4 at 400 µL/min.
Figure 4.2 shows the droplets formed across the surface of the opposing wall. The
base radius of droplets on a series of sequential stripe zones is analyzed, based
on which the nondimensionalized volume v/hc is calculated. In Figure 4.3a, it is
shown as a function of the droplet position along the flow direction. The curves
are pulse-shaped, meaning that v/hc first increases to a maximum and then drops
back to the baseline.
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At the slowest flow rate Q1 =50 µL/min, the droplets are larger in the area of
the microgap projection and immediately become smaller outside the projected
zone. The zone of the large droplets matches the location and the length of the
microgap nicely. However, there is a shift in the position of the larger droplets
with increasing Pe. As the flow rate increases to 100 µL/min and above, the zone
of the larger droplets is stretched in a downflow direction. At the fastest flow rate
Q4=400 µL/min, the extension of the v/hc pulse is about twice as long as the
microgap length. Meanwhile, the location of the largest droplets shifts to the end
or even outside of the projected area from the microgap. The shift in the position
of the largest droplets at higher flow rates is also reflected in the plots of droplet
mean radius and number density, see Figures 4.3c,d. The reduced number density
is due to the coalescence between neighbouring droplets.
Figure 4.3b shows the double logarithmic plot of the maximum droplet volume
vmax as a function of Pe. Overall the droplets are larger at higher flow rates,
consistent with the effects of the flow rate on droplet formation in a uniform flow
channel.[162] However, the fitting of the data shows that the maximal droplet
volume increases with the Pe number at a power of 0.41, noticeably smaller than
the power law of 3/4 for a homogeneous flow channel in Ref.[162].
To better understand the local flow conditions imposed by the microgap, we per-
formed Comsol simulations on the profile of an oil oversaturation pulse in the chan-
nel, as described in the experimental and simulation sections. The representative
simulation snapshots at different Q values are shown in Figure 4.4. As the pulse
of high oil concentration is sent through the microchannel at small Pe = 55.5,
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Figure 4.3: Spatial droplet size distribution at different Pe. The data points
are from the analysis of the images in Figure 4.2, binned with a width of
∆x = 200 µm. The blue shaded area illustrates the gap location. (a) (Di-
mensionless) droplet volume density v/hc as function of the droplet position.
(b) Double logarithm plots of vmax/hc and vc/hc as function of Pe. (c,d) Plots
of the (dimensionless) radius R/hc and the number density per unit surface area
(mm2) as function of the droplet position.
it passes the microgap smoothly with a nearly symmetric shape. At a larger
Pe > 55.5, the local flow is disturbed by the microgap to a larger extent. An
oil-rich domain is left under the gap, the area of which gradually increases with an
increase in Pe from 55.5 to 444. This oil-rich domain will contribute to the larger
droplet size.
We now explain the three features observed in the experiments: (i) enhanced
volume of drops; (ii) asymmetry with increasing Pe; (iii) reduced slope for vmax ∼
Pe0.41.
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Figure 4.4: Comsol simulation for the profile of the oil concentration pulse at
different Pe. Aspect ratio (Γ = 7.7) and height ratio (r = 1.6) are constant in
all four cases. Flow direction: left to right. The arrow in (d) shows the oil-rich
domain left under the gap at large Pe.
In (i): The enhanced droplet volume in the gap is explained along the ideas of
ref. [162], where as stated already above we argued that the droplet volume scales
with
∫∞
−∞ ζ(t)dt ≈ ζmaxτ ∼ ζmaxh2/D. Here, the channel widens, hg > hc. At the
gap, more bulk volume and thus more oil (created at the moving front of water)
become available, leading to a larger nucleated droplet volume. A wider channel
automatically means more time τ ∼ h2/D for the droplets to grow till completion
of solvent exchange, consequently leading to a larger droplet size.
In (ii): The asymmetry of the droplet size distribution is rationalized according to
the simulation results of the oil concentration in the gap. The symmetrical flow
at low Pe contributes to the symmetrical droplet distribution with the maximum
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droplet size in the middle of the projected region. The oil-rich domain stranded in
the gap at large Pe may provide more oil for the droplets not only just opposite
to the gap, but also behind the gap in a quite long distance.
In (iii): The reduced slope for vmax ∼ Pe0.41 as compared to v ∝ Pe3/4 is presum-
ably due to the interplay between (i) and (ii). The scaling of v ∝ Pe3/4 only holds
when the flow is fully developed. The pulse shape of the droplet size distribution
for the gap cases suggests that the flow development requires a certain distance,
in response to the change in the channel geometry, i.e., a kind of Pe-dependent
’memory’ effect from the narrow channel before the gap opens. The coupled ef-
fects from the gap and the prior channel lead to a smaller increase in Pe for the
maximal droplet size under the gap.
4.3.2 Effects of the aspect ratio and the height ratio of the
microgap
We now examine the influence of the microgap aspect ratio Γ and the height ratio
r at a given Pe. In the case of a uniform channel, the dependence of the droplet
size on the channel height is
v/hc ∼ (ζmaxτ)3/2 ≈ (ζmaxh2g/D)3/2 ∼ r3 (4.3)
Here the maximal oversaturation ζmax is constant and given by the solution com-
position. [162]
Chapter4 92
lg2=200 µm, Γ=1.5
lg3=500 µm, Γ=3.8 lg4=1000 µm, Γ=7.7
(a)
lg1=100 µm, Γ=0.77
200 µm
0 2 4 6 8 10
0
1
2
3
4
x10
-4
v
m
a
x
/h
c
 

-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0
1
2
3
4
v
/h
c
 
x10
-4
  500 m
  1000 m 
x (mm)
𝒗𝒄
𝒉𝒄
(b) (c)
𝒗𝒈
𝒉𝒄
(d)
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
x10-3
(e)
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
x10-3
lg2=200 µm, Γ=1.5 lg3=500 µm, Γ=3.8
Figure 4.5: Effect of the aspect ratio on the droplet size distribution. In the
experiments, Pe = 55.5 and r = 1.6. (a) Optical images of droplets at different
aspect ratio Γ = lg/hc. The positions of the opposing microgaps are indicated
by the black dashed lines. (b) Plot of v/hc as a function of the droplet position
for Γ = 3.8 (red) and for Γ = 7.7 (blue). The binning width ∆x is 100 µm and
200 µm, respectively. (c) Plot of vmax/hc as a function of Γ. The data points
in different colours correspond to the same coloured images in (a). Blue dashed
line: vc/hc. The red data point is the same sample as the red coloured image
in Fig. 4.2. (d and e) Results from the Comsol simulations for oil concentration
pulses at different Γ values. The colour code reflects the concentration profile.
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The aspect ratio Γ was first varied from 0.77 to 7.7 by increasing lg from 100
µm to 1000 µm, while other parameters remained constant (Pe = 55.5 and r =
1.6). The optical images of the surface droplets under the microgaps are shown
in Figure 4.5a. At Γ=0.77, no change in droplet size was observed. At a larger Γ,
larger surface droplets formed under the gap. The quantitative analysis shows that
the droplet distribution under the gap is symmetric, consistent with the results
from low Pe. The position of the larger droplets matches the location and length
of the microgap as shown in Figure 4.5b.
The maximal droplet volume vmax/hc becomes larger with increasing Γ. The re-
sults suggest that the shortest microgap of 100 µm in length has not altered the
local flow enough to have observable effects on the droplet formation on the op-
posing wall. As the gap is extended, the flow has developed more in the microgap,
and produced much larger droplets in the middle of the projected area. The ef-
fect from the gap aspect ratio is consistent with the ’memory’ effect discussed in
last section. Interestingly, for the longest gap, lc = 1000µm, the maximal droplet
volume is about 7 times of that at hc. Such huge increase in the droplet volume is
even larger than that expected from the same height increase in a uniform chan-
nel. For the latter, 1.6 times larger channel height leads to only ∼ 4 times (1.63)
increase in droplet volume, according to Eq. 4.3. Overshooting in the droplet size
may result from the flow patterns in the long microgap.
The oversaturation pulse at different Γ is visualized in the simulation results shown
in Figure 4.5d and e and 4.4a. At a small Γ = 1.5, there is almost no change in
the oil concentration profile along the substrate surface. At Γ = 3.8, the oil
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concentration profile on the surface is affected by the presence of the microgap,
consistent with the larger droplets observed in the experiments.
On the other hand, the height ratio r also has an influence on the flow development
in the microgap. Fig. 4.6a shows three representative optical images of surface
droplets at different r values, while Γ is constant at 3.8 and Pe = 55.5. Clearly,
the droplets are larger under a deeper gap. The plot of v/hc as a function of r in
Figure 4.6b shows a sharp increase in v/hc with an increase in r. We fit the two
data points at small r, namely, at r = 1 and at r = 1.6, with eq. 4.3 and obtain
v/hc = 7.1 × 10−5r3, also shown in Fig. 4.6b. From this fitting, the predicted
value for v/hc at r = 2.7 is 12, higher than the value v/hc = 9 observed in the
experiment, which again suggests a memory effect for the flow in the microgap.
The corresponding simulation at r = 2.7 (Fig. 4.6c and Movie S7) shows that the
oil oversaturation in the microgap has not contributed fully to the droplet growth.
4.3.3 Beyond simple gap geometry
Here, we briefly introduced one more flow geometry: a tapered microchannel. A
schematic side view of a tapered channel is shown in Fig. 4.7a. Here, the channel
height linearly reduces from hc = 280 µm to 70 µm, corresponding to a spatial
dependent height ratio r(x) = h(x)/hc. r(x) decreases from 1 (at x1) to 0.25 (at
x4) and we also measure at two locations x2 and x3 in between, see the optical
images in Figure 4.7b. The quantitative analysis of the droplet size distribution
in the plot shows that v/hc gradually decreases with decreasing r(x). Specifically,
v/hc decreases from 1.8×10−4 at x1 (full gap height) to 6.7×10−5 at x4 (h4 = hc/4
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Figure 4.6: Effect of the height ratio on the droplet size distribution. In the
experiments, Pe = 55.5, Γ = 3.8. p Optical images of droplets at different height
ratio r = hg/hc = 1, 1.6, and 2.7. Black dashed line: gap location. (b) Plot of
v/hc versus r. The red curve is the cubic Eq. 4.3 through the first two points,
and (0,0), giving v/hc = 7.1 × 10−5r3. The blue dashed line represents the
(dimensionless) droplet volume vc/hc in the undisturbed channel. (c) Snapshot
of oil concentration simulation with r = 2.7.
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Figure 4.7: Droplet formation in a tapered channel. (a) Sketch of the mi-
crochannel with an inclined top plate. (b) Optical images of surface droplets at
four locations with the height ratio r(x) = h(x)/hc from 1 to 0.25. (c) Plot of
v/hc as a function of r(x). The blue curve is v/hc = 1.8×10−4(r(x))3, calculated
to go through v/hc at r1 = 1. (d) Simulation of oil concentration profile in the
tapered channel. Shown is the concentration profile passing through the tapered
channel. In the experiments and simulation, Pe = 55.5 and hc = 280µm.
gap height). According to the relation of droplet size and height ratio in eq. 4.3,
we obtain v/hc = 1.8 × 10−4(r(x))3, based on the data point of v/hc at x1. The
plot shows that the experimental data of v/hc at x2 to x4 are all larger than
1.8 × 10−4(r(x))3. The results suggest that as the flow is squeezed continuously,
there is a lag in the response of the droplet size to the reduced channel height. The
results demonstrate the memory effect on the droplet formation in the tapered
channel. The simulation in Fig. 4.7d and the Movie S8 show the evolution of
the pulse of oil concentration in the tapered channel. The symmetric profile is
gradually compressed, resulting in a gradually reduced droplet size.
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4.4 Conclusions
In summary, a microgap on the microchannel wall perpendicular to the flow di-
rection leads to a systematic change in the size and distribution of surface nan-
odroplets produced by the solvent exchange process. For a fixed gap geometry,
the three features are an enhanced volume of the drops, increasing asymmetry in
the droplet distribution with increasing Pe, and a reduced slope as compared to
vc/hc ∼ Pe3/4 for the uniform channel case. For a given Pe, the size and distri-
bution of the droplets are influenced by the aspect and height ratios of the gap.
In a tapered microchannel, a continuous gradient of surface nanodroplet size is
created on the homogeneous substrate. The results from simulations reveal the
change in the local flow profile of the oversaturation pulse in response to channel
microstructures, which help to explain the experimental results.
The way in which surface nanodroplets patterning introduced in this work is
achieved has circumvented the requirement of prepatterning the substrate sur-
face, which not only simplifies the fabrication process but also provides flexibility
in the substrate selection. The finding will guide the design of the local flow con-
ditions for solvent exchange to control surface nanodroplet positioning and spatial
distribution in microfluidic channel devices.
Chapter 5
Growth of nanodroplets on a still
microfiber under flow conditions
5.1 Introduction
Droplets hanging on fiber are often seen in nature, for example, morning dew on
spider webs or rain drops on needle leaves of pine tree. This common phenomenon
is important for many advanced technologies. In the method of single-drop mi-
croextraction, the drop on the fiber is in contact with the solution and extracts
and separates the analyte for highly sensitive chemical analysis.[63, 136] A nematic
microdroplet on fibers can act as a microsensor to reveal the chirality of fibers.[1]
Inspired by amazing symmetric patterns of water drops on spider webs, Jiang et
al discovered importance of structural features of microfibers for droplet trans-
port along the fiber and fabricated biomimic materials for water collection with
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exceptional performance.[8, 135, 169] Droplets on nanofibers exhibit fascinating
wetting properties and self-propelled motion, which is desirable for enhanced heat-
ing transfer.[30, 169] In an immiscible liquid medium, droplets on a fiber play an
important role in filtration, microextraction, separation and sensing,[1, 5, 36, 95]
as well as in many oil-related applications where fibers are used as oil sorbents,
coalescers, filters and separators.[22, 95]
Intensive research interest has been drawn to understand the formation of droplets
on microfibers during condensation. It is known that the droplet-on-fiber config-
uration includes two different geometries: an axisymmetric barrel shape or an
asymmetric clam-shell shape. For uniform surface wettability and a constant fiber
cross-sectional diameter, the clam-shell shape is preferred energetically when the
droplet volume is small. The axisymmetric barrel shape will be more and more
energetically favorable as the droplet becomes large enough.[39, 91, 93] Accord-
ing to classic heterogenous nucleation theory, droplets nucleate and grow on a
substrate in an oversaturated environment. At the initial state when the size of
droplets is very small, they grow as individual droplets on either one-dimensional
(fiber) or two-dimensional (planar) substrates without confinement effect from the
substrates. As the droplets become larger, the growth dynamic of the droplets
is related to the dimension of the substrate because of the difference in droplet
coalescence. The time dependence of mean droplet diameter D follows the scaling
law: D ∼ tα, with a growth exponent α = 1/(Dd − Ds)[13, 48]. Here Dd and
Ds represent the dimension of surface droplet and substrate, respectively. The
dimensions of substrate is defined as Dd = 1 for fibers and Dd = 2 for planar
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substrates, with the corresponding exponents α1D = 1/2 and α2D = 1.
A simple process for droplet formation at solid-liquid interfaces is solvent exchange
where a solution of droplet liquid is displaced by a flow of a poor solvent.[77, 161,
166] A transient oversatuation of the droplet liquid is created at the mixing front,
leading to the nucleation and growth of the droplets on channel walls. The size of
droplets on the wall is determined by flow conditions, channel geometry, solution
composition and surface properties.[77, 80, 156, 157, 162] The size of droplets on a
homogenous substrate increases with the Peclet number of the flow with the power
of 3/4.[157, 162] The duration of the droplet growth is related to the flow rate,
∼ Pe−1/2. The as-produced droplets are usually sub-femtolitre in volume, and less
than 1 µm in height, therefore generally referred to as ‘surface nanodroplets’.
What remains largely unexplored is nanodroplet formation on a fiber by the solvent
exchange. Apart from the features of the droplet growth on the 1D dimension
of the substrate, the new aspects are: how the droplet formation depends on the
positioning and orientation of the fiber relevant to the flow, whether the formation
the droplets from liquid-liquid phase separation at the mixing front influences the
local flow transport, how stable the droplets are on the fibers in the flow. It is
essential to address these aspects for controlled formation of nanodroplets on fibers
by simple solvent exchange.
In this work, the nucleation and growth of oil droplets on a microfiber by the
solvent exchange and the effects of nanodroplet formation on the local flow are
experimentally and theoretically investigated. The diameter of the microfibers
was 10 µm, placed in the flow channel at different locations. We observed strong
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dependence of droplet size on the fiber position. Meanwhile growing droplets on
the microfiber increases the complexity of the local solution mixing. The coupled
interactions between the growing droplets and the external flow are revealed by
the simulations. The understanding of the nanodroplets on microfibers from this
work can provide new opportunities for a range of technologies based on droplets,
such as microextraction in chemical analysis and fabrication of beads-on-thread
structures by using droplets as templates.
5.2 Experimental methods
5.2.1 Chemicals and hydrophobic microfiber
A stock solution was prepared by mixing the monomer (1,6-hexanediol diacrylate,
HDODA) and an photo initiator (2-hydroxy-2-methylpropiophenone, HMPP) in a
volume ratio of 10:1. Solution A was prepared by dissolving 2 mL stock solution
into 100 mL of an 50 vol% ethanol aqueous solution. Solution B was water sat-
urated with HDODA. The hydrophobic fiber used in the experiments was a glass
fiber with a diameter of10 µm. The surface of the glass fiber was hydrophobilized
with octadecyltrichlorosilane (OTS). To treat the surface, the glass fibers were
first cleaned in piranha solution (70 vol% H2SO4: 30 vol% H2O2) at 75
◦C for 30
mins. Then fibers were washed by water and fully dried at 120 ◦C for 2 hrs. It
was important to minimize the exposure of OTS to water because moisture causes
undesirable polymerization and large heterogeneity of the surface. In the next
step, the cleaned and dried glass fibers were soaked in 0.5 vol% OTS in hexane
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across flow direction
2. Fiber at different heights
3. Fiber along the flow direction.
(a) Sketch and notations (b) Across flow direction
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Figure 5.1: (a) Schematic drawing of the solvent exchange process to produce
surface droplets on a hydrophobilized fiber. The droplets were observed through
the top glass window. hc and hf are the height of channel and fiber, respectively.
hc = 2.6mm. w is the width of the channel. (b) A top-view sketch of the
experimental setup with an external flow direction from left to right. The glass
fiber is placed perpendicular to the flow direction.
solution in a sealed dry container for 4 hrs at room temperature. Finally, the OTS
coated glass fibers were sonicated in the organic solvents, following the sequence
of hexane, acetone, isopropanol (IPA) and ethanol for 15 mins each. All chemicals
used in the experiments were purchased from Sigma-Aldrich.
5.2.2 Droplet formation by solvent exchange
A schematic drawing of the experimental setup is shown in Fig. 5.1a. The hy-
drophobic microfiber was placed inside a fluid chamber with a distance of hf from
the bottom wall. In a top-view sketch (Fig. 5.1b), the microfiber is across (per-
pendicularly to) the external flow direction from left to right shown as the blue
arrow. The total height of the chamber hc was 2.6 mm, the width was 15 mm and
the length was 50 mm in all experiments. To investigate the situation of droplet
growth from position effect, the fiber position hf was shifted to different heights
with hf/hc = 0.25 and hf/hc = 0.75. As comparison, the orientation of fiber was
also rotated 90◦ to be parallel to the flow direction.
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(a) Imaging analysis process
4
1.1 On fiber along flow direction
H=4.3 μm
Dd=13.3 μm
H/Dd = 0.32
Dd
H
(b) Clam-shell shape
Figure 5.2: (a)Imaging analysis process by using Matlab software: 1. Image
contrast enhancement and binarization; 2. Edge detection; 3. Surface droplets
detection; 4. Circle fit through all detected droplets. The mean diameter of
droplets was obtained as the intersection points between the fitted circles and
the surface of the fiber. (b)Confocal microscopic image of surface droplets on
microfiber. The shape of the droplets (dyed in red) is a clam shell. The defini-
tions of the lateral diameter Dd and the height H is notated in the sketch. The
ratio of H to Dd is about 0.32.
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Table 5.1: Flow conditions and positions of the microfiber during the solvent
exchange. Here Q is the flow rate, Pe is the Peclet number, Re is the Reynolds
number, hf is the fiber position in the channel, and hc, the channel height.
No. Q (µL/min) Pe Re hf (mm) hc (mm) hf/hc
1 50 55.5 0.02 1.3 2.6 0.5
2 100 111 0.04 1.3 2.6 0.5
3 200 222 0.08 1.3 2.6 0.5
4 400 444 0.17 1.3 2.6 0.5
5 50 111 0.04 0.65 2.6 0.25
6 50 111 0.04 1.95 2.6 0.75
During the solvent exchange process, the flow cell was first filled with solution
A and then exchanged by a flow solution B. The flow rate was controlled by
the syringe pump. The Peclet number of Pe = Uh/Dc and Reynolds number
Re = Uh/ν are used to show the external flow condition. Here, Dc means the
diffusivity (Dc ≈ 1.0× 10−9 m2/s) and ν is the viscosity (ν = 10−6m2/s).[53, 54]
All the external flow conditions in this work are in the laminar region (Re < 1) as
listed in Table. 5.1.
5.2.3 Imaging analysis of growing droplets
The process of the droplet growth was recorded with a camera through a reflection
mode optical microscopy (Huvitz HRM-300). The mean diameter D of droplets on
fiber over time was extracted from the experimental results by Matlab software,
following the process in Fig. 5.2a. First, all droplets on the left side of fiber were
identified. Then, we did the circle fit through each detected droplet and the diam-
eter of each droplet which was defined as the distance between the intersections
of the fitted circle and the microfiber. The same procedures were further repeated
for the droplets on the right side of the fiber and thus obtained the mean diameter
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as the intersection points between the fitted circles and the surface of the fiber.
The analysis program completes these procedure for every frame. Unfortunately,
there are two main issues existing during analysis process. First, the clouds of
surrounding oil droplets in flow, especially the clouds in a layer shape at small
Pe severely shielded the process of droplets growth on microfiber. Second, we
can not record the droplet growth on microfiber until the final state because the
homogeneous nucleation and growth of droplets in bulk above the microfiber loca-
tion would dramatically reduce the light quantity in the latter part of the solvent
exchange process.
5.2.4 Characterization of droplet morphology
At the end of solvent exchange, surface nanodroplets on microfiber were polymer-
ized under a UV lamp (365nm, 20W) for 15 mins. The geometry of droplets on
microfiber was characterized by a confocal microscopy. A representative three-
dimensional image is demonstrated in Fig. 5.2b, illustrating the droplets on mi-
crofiber is in a clam-shell shape.[39, 91] According to one representative droplet
on fiber with the lateral diameter Dd of 13.3 µm and the height H of 4.3 µm, the
ratio of H to Dd was calculated to equal 0.32.
5.2.5 Comsol simulations
Simulations were performed to reveal the flow around the fiber by using Comsol
Multiphysics (COMSOL AB, Stockholm, Sweden), following the protocol reported
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in ref.[157]. For the flow with Pe and Re same as those in the experiments, the
velocity profile was calculated by solving the Navier-Stokes equation with no-slip
boundary condition at the fiber surface, but a slip boundary at the surface of oil
droplets. The oil concentration field with space & time was solved based on the
time dependent diffusion equation, coupled with velocity profile.
5.3 Results and discussion
5.3.1 Nucleation and growth of droplets on the microfiber
Representative snapshots of droplet growth on the fiber perpendicular to the flow
direction with Pe = 444 and Re = 0.16 are illustrated in Fig. 5.3a. Oil nan-
odroplets nucleated and grew on microfiber with a diameter of 10 µm in flow
during solvent exchange. At time ∼ 0 s, the droplets start to form on the fiber.
At 50 s, the diameters of surface nanodroplets on the fiber reached dozens of
micrometers and still kept growing. Following the imaging analysis process, the
mean diameter D and the number density of nanodroplets on the microfiber were
plotted as function of time in Fig. 5.3b,c. The number of nanodroplets on the
microfiber of unit length (mm) is in a bell shape, increasing to about 50 droplets
in 10 s and then decreasing. The decrease in the number density is due to the
coalescence of surface droplets. The mean diameter D increases to about 40 µm
in 40 s. (We note that all D in this work refers to the mean diameter of droplets.)
The peak of the number density occurs when D is comparable the diameter of
microfiber (10 µm) at 10 s.
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Figure 5.3: Dynamical process of droplet growth on the microfiber in the
flow with Pe = 444, Re = 0.16, and hf/hc = 0.5. The onset of the droplet
formation was set as t0 = 0 s. (a)Time course snapshots of the droplets on 10
µm fiber in flow. The direction of the flow was from left to right, indicated by
the black arrow. The entire process is divided into two stages according to the
morphology of surrounding clouds of tiny oil droplets in flow: stage I: clouds
layer; stage II: clouds vortex. Length of the scale bar: 100 µm. (b) the mean
diameter D and (c) the number of surface droplets on microfiber of unit length
(millimeter) are plotted as a function of time. We note that all D in this work
refers to the mean diameter of droplets.
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Figure 5.4: Snapshots of the surface droplets growth process on microfiber in
flow with (a) Pe = 111 and (b) Pe = 55.5 at a constant position hf/hc = 0.5.
The blue and yellow arrows point out the front droplet zone and depletion zone,
respectively. Scale bar: 100 µm.
More representative snapshots of droplet growth process at different Pe numbers
are demonstrated in Fig. 5.4a,b. The rate of the droplet growth is slower at smaller
Pe. For example, at about 30 s, the size of droplets on microfiber at Pe = 444 is
larger than that at Pe = 111 and Pe = 55.5. Based on the quantitative analysis,
the mean diameter D of droplets is plotted as a function of time for different Pe
in Fig. 5.5a. The slope from a linear fitting of the data is used to characterise
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Figure 5.5: (a) The plot of droplet mean diameters D verses time at different
Pe values: 55.5, 111, 222, and 444. As the clouds was more obvious at smaller Pe,
the analysis of droplet growth process was severely influenced by the surrounding
clouds and thus missed many data points. Meanwhile, in the late stage of clouds
vortex, the view was totally shielded by the formation of bulk droplets above
the focus position. The dropl t growth processes have been simplified by using
a linear fitting to illustrate the growth trend. (b) The growth rates of D (slopes
in (a), µd) as a function of Pe.
droplet growth rate µd. Fig. 5.5b shows that the droplet growth rate µd is faster
at larger Pe. The slope increases by more than one magnitude with the increase
in Pe from 55.5 to 444. At the later stage of the solvent exchange, we observed
the droplets coalesced rapidly and were very mobile on the fiber. By the end, only
a few large droplets remain on the fiber.
The faster growth rate of the droplets at higher Peclet number is consistent with
the effect of flow conditions on the growth dynamics of nanodroplets during the
solvent exchange. Our previous work on planar substrates showed that the final
droplet volume scales with Pe3/4, assuming a constant contact angle growth mode
of droplets with a shape of spherical cap.[162] Here we cannot obtain an exact form
of the temporal evolution in the droplet volume, due to the complicated shape of
the droplets on fiber. However, the general trend that droplets grow faster at
higher flow rates is consistent with the situation on planar substrates.
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Figure 5.6: Droplet growth on the OTS-glass microfiber that was parallel
with the external flow direction.(a) A top-view sketch of experimental set with
the microfiber parallel with the external flow direction, from left to right. (b)
Optical images of droplets formation on microfiber at different Pe values of
solvent exchange process: 444, 888, and 1778. Scale bar: 20 µm. (c) Mean
diameters D of droplets formed on microfiber versus Pe in a double-logarithm
plot. Purple dashed line represents the linear fitting with a slope of 1/4, which
represents the scaling law: D ∼ Pe1/4.
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As the mirofiber was placed parallel to the flow direction as sketched in Fig. 5.6a,
no clusters of droplets form along the fiber in the flow, suggesting that the in-
fluence from the microfiber on the local flow was reduced. Based the optical
images demonstrated in Fig. 5.6b, the diameters of the final oil droplets formed
on microfiber is on microscale. The trend of larger drolepts at larger Pe is also
indicated. Specifically, when Pe = 444 in this parallel set, D of the final droplets
on microfiber was 13.9 µm. With quantitative analysis of D drawn in a double
logarithm plot (Fig. 5.6c) as a function of Pe, a linear fitting with the slope of 1/4
(purple dashed line) was obtained, which represents the scaling law: D ∼ Pe1/4,
in a good agreement with our theoretical understanding of droplet formation in
diffusive growth mode on the substrate in ref. [162]. This suggests it is feasible to
control the surface droplets formation on the microfiber in flow by mediating flow
conditions.
There is significant difference in the growth dynamics of droplets on the fibers
in two orientations. Droplets on the fiber along the flow direction were much
smaller than those on the fiber across the flow. Such significant difference suggests
that a coupled effect from the droplet formation and the local flow, occurring
when the fiber is placed against flow direction. This coupled effect will be further
demonstrated by dynamics of droplets in the flow (not attached to the fiber) as
below.
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Figure 5.7: The droplet zones by the end of stage I at different values of Pe
and constant fiber position hf/hc = 0.5. (a) The snapshots of the droplet zones
with the maximum thickness under different external Pe values of 55.5, 111,
222 and 444. Scale bar is 50 µm. (b) The plot of the duration of Stage I (the
clouds layer stage) as a function of Pe number during solvent exchange process.
5.3.2 Dynamics of droplets near the fiber
As shown in Fig. 5.4(a), at the initial stage at time of 0 s small droplets sus-
pended in the solution moved along the flow direction, creating a uniform cloudy
background. With the time, more droplets stay in a zone ahead of the fiber. The
droplet zone ahead of the fiber was discrete at 5 s, and became a continuous stripe
after 3 s. The thickness of the zone slightly increased by the time of 11 s. In-
terestingly, during the period of building up the front droplet zone, there is also
a visible depleted zone adjacent to the droplet zone, further away from the fiber.
The presence of the depletion zone suggests that development of the interfacial
droplet excludes the droplets carried by the flow.
The droplet zone in the solution was dramatically interrupted at time of 20 s,
accompanying with visible growth of the droplets on the fiber. A part of the
droplet cluster started to move, swirling around the fiber and spreading downward.
The clusters eventually smeared out and eventually vanished in the flow. At those
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Figure 5.8: Schematic diagrams of diffusiophoresis during solvent exchange
process at (a) diffusive domination and (b) diffusive-advective domination sur-
rounding the microfiber.
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locations touched by the swirling droplets, those still droplets on the fiber became
immediately larger, possibly due to enhanced droplet coalescence. As the droplet
cluster cleared off from the zone near the fiber at 40 s, the clear depletion zone
still remained ahead of the fiber, clearly suggesting that the droplet formation on
the fiber excluded the droplets from the flow, same effects observed at the earlier
time from 5 to 11 s when the interfacial droplet zone was building up. The above
evolution of the droplet clouds can be divided into two stages. At stage I, droplets
gradually accumulate in the zone next to the fiber. At stage II, droplet clouds
move and detach from the zone.
It is noticeable that both the duration of stage I and the maximal thickness of the
droplet zone by the end of stage I are related to the flow rate. Fig. 5.7(a) shows the
droplet zone by the end of stage I at different Pe. The maximal thickness of the
zone was larger at lower Pe, attributed to enhanced mass transfer or shorter time
for cumulative effect in a faster flow. Based on quantitative analysis, we plotted
the duration of stage I as a function of 1/
√
Pe (Fig. 5.7b). The red dashed lines
illustrate the linear relationship of stage I duration versus Pe−1/2.
Both the droplet motion and additional tracing microparticles in flow show that
presence of the fiber itself did not introduce asymetric flow field around it, similar
to the symmetric streamline formed when a simple flow cross a fiber in a laminar
flow. However, when droplets formed on the fiber, the symmetric simple flow field
could no longer be possible. The process of phase separation for droplet formation
may lead to dramatic change of the local solution composition and magnify the
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difference in the concentration gradient between the front and the back for the
fiber.
This local concentration gradient is also responsible for the phenomenon that the
droplet in the flow are excluded by the droplet cluster. During solvent exchange
process, solution A was 50% ethanol aqueous solution and solution B was water.
The concentration field was uniform at the mixing front without any perturbation.
The droplets transport by the external flow, smoothly passing the fiber before the
nucleation of droplets on the fiber. However, the concentration gradient became
highly heterogeneous spatially, as the local composition was alternated by the
phase separation for the droplet formation on the fiber. It is not rare that chemical
potential from the phase separation drives mechanical motion, such as in self-
propelled droplets in partially miscible solvent and splitting droplets and dancing
droplets.[21, 64, 67, 74] The exclusion of the droplets from the zone may be also
related to an interesting colloidal behaviour in the mixture with a concentration
gradient, called diffusiophoresis.[66, 126, 137] The chemical energy of concentration
gradients is converted into the mechanical energy for the motion of the colloids.
Our latest work also showed that the concentration gradient from phase separation
drove fast motion of microparticles in a diffusive field.[82] The motions of the tiny
droplets in bulk fluid driven by the diffusiophoresis are against the external flow
direction, as illustrated in Fig. 5.8a. Occasionally we also observed that some
droplets within the zone were ejected out, also in the direction against the flow.
As solvent exchange proceeds, the concentration gradient became less. The shear
from external flow eventually took over the effect from chemical heterogeneity, so
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Figure 5.9: Optical images of the transaction from clouds layer into clouds
vortex surrounding the microfiber at different positions (a) hf/hc = 1/4, (b)
hf/hc = 1/2, and (c) hf/hc = 3/4. The heights of channel hc = 2.6mm,
Pe = 111, Re = 0.04 are constant. Scaling bar: 100 µm. The external flow
direction is from left to right. Black arrow in (c) shows the local flow direction
is from right to left.
the droplet clusters were washed off from the fiber.
These results have suggested that local mixing of the flow has been dramatically
enhanced when droplets formed on the fiber against flow direction. Such flow
condition coupled with the growing droplets leads to the accelerated growth of
droplets on the fiber. As the fiber was placed along the flow direction, even the
droplets formed on the fiber, the local flow profile remained symmetric. There-
fore,there is no droplet cluster formed in the flow and the droplet growth on the
fiber is more moderate.
5.3.3 Different fiber position hf/hc
In the following, we will focus on the droplet formed on the fiber against flow
direction and located at different posisions. The optical images in Fig. 5.9 show
the droplet formation on the microfiber located at different locations along the
Z axis of the channel with the values of hf/hc to be 1/4, 1/2, and 3/4 in the
experiments. The external flow rate was same at Pe = 111, Re = 0.04 and
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channel height hc = 2.6 mm. At the transition from stage I to stage II, there
is significant difference in the position and thickness of the droplet zone. Little
amount of droplets accumulated at the left side of the microfiber at hf = 1/4hc,
in contrast to a thick layer of droplet zone at the left side of the microfiber
when hf = 1/2hc. Remarkably, the droplet zone switched to the right side of
the microfiber at hf = 3/4hc. It is interesting why the thickness of the droplet
zone and even the position relevant to the fiber in flow direction changes with the
position of fiber.
To understand these experimental results, we will discuss the influences from two
aspects during solvent exchange process: gravitational effect and buoyancy effect.
Specifically, gravitational effect plays an important role on the velocity field, re-
ported in ref.[156]. With hc = 2.6 mm, the crucial control parameter (Archimedes
number Ar) equals 17224 >> 1, which means the maximum velocity position is
very close to the bottom wall. So the local flow velocity decreases as the mi-
crofiber position is shifted upwards and thus the local Pehf/hc decreases as well:
Pe1/4 > Pe1/2 > Pe3/4. As we explained before, the clouds layer will be thicker at
smaller Pe. On the other hand, the density difference between two solutions used
in solvent exchange process will lead to the buoyancy-driven convection roll in the
fluid channel, representing by the estimated value of Rayleigh number, 5.7 × 105
(much larger than the critical Rayleigh number, 1708) when hc = 2.6 mm.[162]
In the experiments, we exactly observed that the droplets in the solution were
flowing from right to left at hf = 3/4hc, marked as the arrow in Fig. 5.9c, which
was against the direction of the external flow from left to right. This reverse flow
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Figure 5.10: Comsol simulations for the profiles of oil oversaturation pulse at
different situations with the values of D2/D1: (a) 0, (b) 1, and (c) 3, respec-
tively. Circle 1 means the hydrophobic glass fiber with a diameter D1 of 10 µm
and Circle 2 means the oil drop grown on the fiber with the diameters D2: 0,
10, and 30 µm, respectively. X axis and Y axis in plots show the position of
the channel in the X-Z plane in the simulation in the unit of µm. The scale
bars in color represent oil oversaturation with a unit of mol/L. Pe = 444 and
Re = 0.17 in this simulation.
direction at high position with large hf/hc value was induced by the buoyancy-
driven convection roll in the flow cell, dominated by a large value of Rayleigh
number. Correspondingly, under the right-to-left flow direction, the clouds layer
at hf = 3/4hc reasonably appeared at the right side of the fiber. Overall, all
these experimental results show the formation and motion of clouds in flow closely
couple with the local flow condition.
5.3.4 Comsol simulation
We simulate the droplet formation on fiber in a flow with the Comsol simulations.
As an oil oversaturation was sent in flow, oil oversaturation pulse is clearly affected
when one microfiber (marked as circle 1) exists as shown in Fig. 5.10a. Specifically,
when there is only a microfiber in the channel, the oil oversaturation profiles above
and below the microfiber are symmetric. However, if there is a surface droplet
(marked as circle 2 in Fig. 5.10b) with a diameter of 10 µm on microfiber (the
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droplet diameter D2 equals to the fiber diameter D1, which means D2/D1 = 1),
the asymmetry of oil oversaturation profile is revealed by the simulations, deriving
from the asymmetrical geometry of oil droplet on microfiber. As the droplet
grows, for example, D2/D1 = 3, the asymmetric geometry of droplet on microfiber
develops and thus contributes more to the corresponding asymmetry of the oil
oversaturation profile. These would work as the perturbation to the flow and
further result in the clouds vortex. Meanwhile, it is worthy to mention that, besides
the asymmetry simulated on X-Y plant in Fig. 5.10, the asymmetry of droplets on
fiber also exists on other planes (X-Z plane, and Y-Z plane). All these contribute
to the dynamical behaviour of the droplet cluster. In the actual solvent exchange
process, the situation of concentration gradient may be much more complicated.
The real concentration gradient may be also influenced by mixing of multiple
components in the flow, phase separation of droplets and collective interactions
among droplets. More comprehensive simulation technique will be required to take
all these factors into consideration.
5.4 Conclusion
In summary, a hydrophobic microfiber with a diameter of 10 µm was located in
flow as the substrate for surface oil droplets formation by solvent exchange process.
When the microfiber was across the external flow direction, the droplet growth on
microfiber was dramatically enhanced due to the coupled effects from the droplet
formation and the local flow. These coupled effects were clearly revealed by the
dynamics of droplets in the flow. Different growth dynamics was observed for
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droplets on the microfiber as the fiber orientation was rotated to along the exter-
nal flow direction. The general trend that surface droplets grow faster on fiber at
higher flow rates is consistent with the situation on planar substrates. Moreover,
the asymmetry of oil oversaturation pulses deriving from the asymmetric geom-
etry of surface droplets on microfiber was revealed by the Comsol simulations,
which demonstrated the coupled interactions between the growing droplets and
the local flow conditions. This finding will guide the controlled formation of sur-
face nanodroplets on the microfiber during solvent exchange process and provide
a droplet-based platform for the application of surface nanodroplets in flow.
Chapter 6
Splitting an oil microdrop at a
receding three-phase contact line
of water, air and solid
6.1 Introduction
The motion of contact lines dictates the behaviour of fluids at interfaces and is
inherently critical to many applications. The influence of solid-liquid-air contact
lines can be observed in many physical phenomena, such as drop evaporation,[32]
self-cleaning of lotus leaf,[51] retention of rain drops on windows,[42] and sub-
merged air retention of the salvinia plant,[11] as well as on large scale oil recovery
and land decontamination.[46, 69]
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The balance of the relevant interfacial surface tensions yield an equilibrium contact
angle θeq based on the Young-Laplace equation.[155] However, in reality, usual
substrates are not perfect, leading to contact angle hysteresis from the difference
between the receding angle, θr to advancing, θa. The scenario becomes increasingly
complicated when considering a moving contact line, where inertial or viscous
regimes, slip and disjoining pressure must be considered.[122] Numerous models
have been developed to explain the hydrodynamic and shaping the interface.[16,
17]
Transition of an oil drop under a water phase into an air phase can result in
remarkable physical phenomena such as the classic example of an oscillating oil
drop at an air-water interface first reported by Franklin.[47] This phenomenon has
since been studied a number of times over multiple decades.[113, 119, 127] The
evaporation-triggered flux of surfactant has been shown to drive the spontaneous
extension and retraction of floating oil droplets at the water-air interface. In
the retraction phase, Plateau-Rayleigh instability can develop, resulting in many
satellite droplets. Recently, Nikolov and Wasan[98] attributed the spontaneous
oscillation to fluctuations in surface pressure. For a volatile oil drop, it was shown
that as the monolayer coverage reduced through evaporation, the surface tension
increased and caused the thin water film sandwiched between the oil droplet and
air interface to rupture. This rupture was rapidly followed by the oil spreading
across the interface of water and air, and reducing surface tension once again. More
recently, oil drops spreading over the water-air interface were shown to generate
ordered patterns for floating dichloromethane droplets.[147]
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The contact of three phases (liquid, liquid, air) remains relatively under-explored.
There is even fewer studies on the transition involving a fourth state (liquid, liquid,
solid, air). Mahadevan et al. described the four-phase merging configuration was
stable in sessile compound drops consisting of two immiscible liquids on a substrate
in air, justified by calculations with relevant surface tensions. [88] In constrast,
Darwich et al.[29] demonstrated the transfer of a water/ethanol droplet from a
cyclohexane droplet, where an ‘explosion’ and rapid evaporation of the droplet
occurs upon reaching the air interface.[29]
Here, we investigate the nature of four-phase contact line (CLfour−phase) occuring
when the receding three-phase contact line (CLw−a−s) of water, air and substrate
touched the oil microdrop acting as an additional forth phase. Remarkably, upon
the four-phase contact among oil, water, air and hydrophobic substrate, the spon-
taneous and inverse extension of CLfour−phase was observed. This extension was
extremely rapid and extended a total distance much larger than the inner liquid
phase. Subsequently, the rapid retraction of CLfour−phase driven by the local de-
formation of water drop left the spreading oil film on the substrate, and therefore
yielded many satellite droplets caused by Plateau-Rayleigh instability. The whole
process of CLfour−phase repeated until the secondary liquid (oil microdrop) was
totally depleted. It is proposed that this CLfour−phase extension phenomenon is
determined by the relevant surface energies. Moreover, the surface energy of the
system is transferred into kinetic energy, since it drives the inverse extension of
CLfour−phase. The findings of this work are relevant to applications, such as the
self-cleaning processes and the production of ultra-small surface nanodroplets.
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6.2 Experimental section
6.2.1 Chemicals and Substrates
1-Octanol (Sigma, 99%) 1-decanol (Sigma, ≥ 98%), 1-undecanol (Sigma, 99%),
and octadecyltrichlorosiliane (OTS) (Sigma, ≥ 90%) were used as received without
further purification. Glass wafers (0.5 mm, DSP, University Wafers) coated with
a monolayer of octadecyltrichlorosiliane (OTS-glass) were prepared following the
protocol reported in previous work,[166] and these were used as the substrate in
all experiments. Nile-red (Sigma) and Fluorescein isothiocyanale-dextran (Sigma)
were used to selectively dye the oil and water phases for confocal microscopy.
6.2.2 Contact line experiment
An oil microdrop, 50 - 500 µm in diameter was placed onto the OTS-glass substrate
using a thin metal wire, of 150 µm internal diameter, and then covered by a
significantly larger water drop, 4 mm in diameter. A metal needle with the internal
diameter of 150 µm connected with a syringe (30 Gauge) was inserted into the
water drop from above. The gradual withdrawal of the water was controlled by the
syringe pump. With the withdrawal, CLw−a−s moved backward at ∼ 3.7 µm/s
until it reached the inner oil microdrop. When the receding CLw−a−s touched
the oil microdrop, the syringe pump was immediately stopped. The transient
state when the receding CLw−a−s ‘touched’ the inner oil microdrop was recorded
by two synchronized high-speed cameras from the bottom view and side view,
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(b) Bottom view
(c) Side view
OilWater
OTS-glass substrate
OTS-glass substrate
Oil
Water
High-speed camera
(side view)
High-speed camera
(bottom view)
Synchronization
Water extraction
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Figure 6.1: Schematic drawing of experimental setup used to investigate a
microdrop touched by the receding CLw−a−s. (a) 3D sketch of the experimental
setup. On a hydrophobic OTS-glass substrate, a tiny oil microdrop (50 - 500
µm in diameter) is covered by a relatively large water drop, 4 mm in diameter.
The water is gradually withdrawn by a syringe until the CLw−a−s reaches the
oil microdrop inside. The object in the red square in this process was recorded
by two synchronized high-speed cameras to provide both the bottom view and
side view. (b) Bottom-view schematic from the bottom-view camera. (c) Side-
view schematic from the side-view camera. The CLfour−phase exists among air,
water, oil and substrate. The ratio between oil microdrop and water drop is not
to actual scale.
respectively. In each case, the view was recorded at 3,000 fps. A schematic of
the experimental setup is shown in Fig. 6.1a. The representative bottom-view and
side-view schematics are shown in Fig. 6.1b,c. The investigated transient state is
an exact four-phase configuration, consisting of air, water, oil, and substrate.
6.2.3 Characterization and data analysis
The dynamics of the CLfour−phase extension was quantitatively analyzed using
self-written Matlab codes. For quantitative analysis of the CLfour−phase extension
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process, the CLfour−phase extension direction was identified and illustrated, as
labelled by the purple arrow in Fig. 6.3. The coordinate of the crossing point
between CLfour−phase and its extension direction is defined as (x, y). The initial
state when CLw−a−s just touches the internal oil microdrop, is defined as time
t = 0 and the location coordinate is (x0, y0). The subsequent displacement of
CLfour−phase was calculated using the following equation:
∆Z =
√
(x− x0)2 + (y − y0)2 (6.1)
The data of ∆Z were further smoothed by using secondary polynomial fitting
(at2 + bt + c) based on seven adjacent data points. Therefore, the velocity at
time t is defined as the tangent line (2at + b) and the corresponding acceleration
equals 2a. The dynamic contact angle (CA) was defined as the angle between the
substrate and the first 20 pixels of the droplet profile above the substrate in the
side-view images.
6.3 Results and analysis
6.3.1 Surface microdrop touched by a three-phase CLw−a−s
The investigated state when a micro-scale octanol drop at a water-solid interface
touched by a receding CLw−a−s was initially demonstrated by confocal microscopy,
which presented excellent contrast with oil microdrop dyed in red and water drop
dyed in green. Representative snapshots of this process are shown in Fig. 6.2a, in
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Figure 6.2: Representative snapshots of the state when the receding CLw−a−s
touches the internal octanol microdrop, demonstrated by the confocal mi-
croscopy. The recording rate of confocal microscope is 30 fps. (a) The diameter
of octanol microdrop is about 100 µm. Octanol microdrop is in red and water
drop is in green. Scale bar: 100 µm. (b) The evolution of octanol microdrop
morphology during the CLfour−phase extension process with only the oil micro-
drop dyed. The oil microdrop is in yellow and its diameter is 340 µm. In the
evolution process, it clearly shows that the initial oil microdrop in a circle shape
develops into a ‘saddle’ shape with the length of Ls, which finally breaks up and
thus forms one oil residue microdrop. Scale bar: 100 µm.
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which the diameter of octanol microdrop is 100 µm. Obviously, the oil microdrop
was placed on the OTS-glass substrate under the water phase at 20 seconds before
the CLw−a−s touched the oil microdrop. The three-phase CLw−a−s among water,
air, and substrate, which was demonstrated as the interface between green area
and black area in Fig. 6.2a, gradually receded as the water drop with an initial
volume of 50 µL was withdrawed by the syringe pump.
Upon three-phase CLw−a−s reaching the boundary of the inner oil microdrop,
an additional phase (oil phase) appears at the CLw−a−s thus developping into a
transient four-phase configuration. The initial state is clearly demonstrated in
the snapshot at t=0 s. Then, oil microdrop moved to the rim of water droplet
accompanying the phenomenon that the initial receding CLw−a−s was inversely
bulged out rapidly. Specifically, when the CLw−a−s touched the internal octanol
microdrop, the four-phase CLfour−phase was immediately extended outside and
octanol at the rim developed a meniscus morphology. The extension distance of the
CLfour−phase increased with time. At 0.1 s, the CLfour−phase dramatically extended
over 200 µm away from the oil microdrop. This displayed a very fascinating
phenomenon quite different from our general supposes that the oil microdrop may
still stay on the substrate or being swept away by the receding CLw−a−s. It also
involved a novel moving four-phase CLfour−phase issue, consisting of oil, water, air
and solid substrate.
Besides the four-phase extension process, the morphology evolution process of the
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internal oil microdrop is another interesting discovery illustrated in Fig. 6.2a. In-
stead of totally transferring out of the water drop, the oil microdrop showed a ‘sad-
dle’ structure at the intermediate state, and finally a smaller oil microdrop was left
under the water drop. This process draws resemblance to partial coalescence events
reported in literature.[18] Following the rapid extension, the CLfour−phase relaxed
leaving satellite droplets at the extension point. During the CLfour−phase exten-
sion process derived from a 100 µm octanol microdrop demonstrated in Fig. 6.2a,
appropriately 9 satellite droplets were yielded with the diameter in a range from
9 µm to 16 µm.We also noticed that a residue oil microdrop in smaller size was
left in the water phase.
For demonstrating this process more clearly, an octanol microdrop with a larger
diameter of 340 µm was dyed as yellow in the confocal microscopy, shown in
Fig. 6.2b. A larger oil microdrop size reasonably extended the duration of mor-
phology evolution process and thus provided more snapshots of the intermediate
state. It clearly demonstrates that the oil morphology deviated from the initial cir-
cular shape before touched by the receding CLw−a−s into a ‘saddle’ shape between
the oil meniscus at CLfour−phase and the remaining circular part of oil microdrop.
The length of the saddle Ls, marked by the red arrow in Fig. 6.2b, increased at
the early stage and then gradually decreased until breaking up. Finally, a smaller
oil microdrop residue formed, remaining in the water phase.
The total process of this four-phase CLfour−phase extension is remarkably rich, in-
cluding many dynamical phenomena within very short time, i.e. only ∼ 130 ms
in Fig. 6.2a. Although the images taken by confocal microscopy show excellent
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Representative images for dynamic study (100 um)
(a) Bottom-view images
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100 μm
Figure 6.3: Representative images taken by synchronized bottom-view (a)
and side-view (b) cameras when the receding CLw−a−s touches the internal
octanol microdrop with a diameter of 100 µm. Scale bar is 100 µm. The frame
speed of high-speed camera is 3000 fps. In (a), the crossing point between
CLfour−phase and its extension direction is defined as (x,y). The extension
direction of CLfour−phase, defined by connecting the crossing point and the
center of oil microdrop, is shown as the purple arrow. In (b), the yellow line
represents the surface of OTS-glass substrate.
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contrast between water phase and oil phase, the temporal resolution (33 ms or 30
fps) was obviously insufficient to completely reveal how the CLfour−phase exten-
sion derives and develops.Therefore, high-speed imaging technique was utilized to
further quantify the extension process with an increasing temporal resolution of
0.33 ms (3000 fps). Moreover, according to the single bottom-view results from
confocal microscopy, it is hard to achieve an precise understanding of the princi-
ple behind this process. Therefore, the comprehensive system, including both the
bottom view and the side view, was built up and used to investigate the beginning
state of this CLfour−phase extension process, as sketched in Fig. 6.1a.
With the synchronized high-speed cameras, the representative images taken from
the bottom view and side view are demonstrated in Fig. 6.3a,b, respectively, when
the receding CLw−a−s touched the internal octanol microdrop with a diameter
of 100 µm. The bottom-view images in Fig. 6.3a demonstrate that, when the
CLw−a−s touched the internal octanol microdrop, the oil immediately started to
move to the rim of the water drop and transferred into the meniscus morphology
in less than 1 ms. The bump of this oil meniscus locally changed the curvature of
the CLw−a−s. As the time evolves, both the extension distence and the curvature
of this local four-phase CLfour−phase increased. On the other hand, from the syn-
chronized side-view images in Fig. 6.3b, the contact angle was initially larger than
90◦ before the CLw−a−s touched the internal octanol microdrop, corresponding
to the receding CA of water drop on the hydrophobic OTS-glass substrate in air
phase.[166] Once the CLw−a−s met the octanol microdrop, within 1 ms, a small
peak appeared at the rim with an advancing CA clearly smaller than 90◦, and thus
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the curvature of the water drop was varied. It is worthy to note that a microscale
drop yields a macroscopic deviation in the apparent contact angle.
6.3.2 Quantitative analysis of four-phase CLfour−phase ex-
tension dynamics
Experiments were performed with the same water drop and OTS-glass substrate,
utilizing a variety of oil microdrop sizes, CLw−a−s withdrawal rates, and oils.
Based on these high-speed imaging results taken under different experimental con-
ditions, the CLfour−phase extension process can be quantified by the image analysis.
Here, the investigated time range was focusing on the range from 0 to 30 ms, in
order to supplement the missing information during the time interval of confocal
microscopy. In this case, with the increased temporal resolution, further details
regarding the four-phase CLfour−phase extension can be identified.
6.3.2.1 Oil microdrops in different sizes touched by CLw−a−s
According to the plot of the CLfour−phase displacement versus time, shown in
Fig. 6.4a, CLfour−phase extension occurs no matter with the variation of oil mi-
crodrop diameter from about 100 µm to over 500 µm. However, the CLfour−phase
displacement ∆Z dependents on the diameter of oil microdrop. For a larger oc-
tanol microdrop, ∆Z is generally larger. The velocity U can be further achieved
as the tangent line of ∆Z, which is plotted in Fig. 6.4b. It demonstrates that
there is always a peak occurring at 2-3 ms for all octanol microdrops in different
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Figure 6.4: Dynamic study of the CLfour−phase extension pushed by the inner
octanol microdrop with different diameters: 99, 163, 342, 425, and 520 µm. (a)
Displacement ∆Z, (b) velocity U , and (c) acceleration of the CLfour−phase ex-
tension and (d) corresponding CA variation, when touching the internal octanol
microdrops in different sizes as a function of time. In (b), the maximum velocity
Umax during the CLfour−phase extension versus the diameters of octanol micro-
drops Doil. The red dashed line represents the average value (9.86 mm/s) of
Umax when oil microdrop is in various sizes. (e) Maximum displacement ∆Zmax
as a function of the diameters of octanol microdrops Doil. The red dashed line
illustrates the linear relationship between ∆Zmax and Doil with the slope of
2.34.
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sizes during the CLfour−phase extension process. This represents the CLfour−phase
velocity first increases in the beginning 2 or 3 ms and then gradually decreases
toward zero. For smaller microdrops, it takes a shorter time for the velocity to
decrease back to zero. It only takes about 18.5 ms for the octanol microdrop with
a diameter of 99 µm. While, it takes 28 ms for the octanol microdrop with a
diameter of 163 µm and even longer for the larger microdrops.
Moreover, we observed that the maximum value of velocity Umax at the peak was
similar for different octanol microdrops independent of the diameter of octanol
microdrop during the CLfour−phase extension process. The average Umax equals
9.86 mm/s shown as the red dashed line in the inside figure of Fig. 6.4b. The
corresponding acceleration plotted in Fig. 6.4c demonstrates a consistent trend:
a huge acceleration first appears with the highest value even reaching 10 m2/s
when oil microdrop was touched by receding CLw−a−s. Then, it drops down in 2
ms and later fluctuates around zero. This represents that there is a huge impulse
applied at CLw−a−s when it touched the internal oil microdrop. It also suggests
the transient four-phase configuration at the CLfour−phase is at a very unstable
state. According to the results of displacement, velocity and acceleration from
the bottom-view camera, it is clear that, the contact between receding CLw−a−s
and oil microdrop resulted in a drastic, inverse four-phase CLfour−phase extension
with generally high Umax and huge acceleration, which is a remarkable and novel
discovery in the wetting field.
For a more comprehensive understanding, the simultaneous CA variation obtained
from the side view is plotted in Fig. 6.4d. Specifically, CA is initially appropriately
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100◦, in good agreement with the receding CA of water drop on the hydrophobic
OTS-glass substrate in air phase. When the octanol microdrops are of different
sizes, the CA variations display the same trend as well: the CA first drops dramat-
ically from about 100◦ to about 70◦ in about 5 ms and then reaches a plateau with
the advancing CA around 70◦. Combining with the former velocity and accelera-
tion results at the same time, both the obvious velocity peak and large acceleration
value are relative to the huge CA drop during the CLfour−phase extension.
As to the entire CLfour−phase extension process deriving from the oil microdrops
with different diametersDoil, a longer maximum displacement ∆Zmax was obtained
for a larger oil microdrop, shown in Fig. 6.4e, from which a linear relationship was
obtained. The linear relationship between ∆Zmax and Doil was represented with
the slope of 2.34. This means when the receding CLw−a−s touches an internal
octanol microdrop, not only the moving direction of CLfour−phase will be inversely
changed, but also the extension displacement will be greater than twice of the oil
diameter.
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Figure 6.5: (a) The variations of the saddle length Ls as a function of time, by
analyzing the high-speed images when the initial oil microdrops are in different
sizes. (c) The maximum value of saddle length Ls,max as a function of the initial
oil diameter Doil. The red dashed line represents the slope of 0.59 in the linear
fitting. (d) The plot of the diameter of the residue oil microdrop Dresidue versus
Doil. The red dashed line represents the slope of 0.67 in the linear fitting.
Chapter6 136
6.3.2.2 Various withdrawal rates of CLw−a−s
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Figure 6.6: Dynamic study ((a) Displacement ∆Z and (b) velocity U) of the
CLfour−phase extension occured under different withdrawal rates of CLw−a−s:
3.7 µm/s, 37 µm/s, and 73 µm/s. The diameter of octanol microdrop is con-
stant about 350 µm.
Aim to investigating the effect from the CLw−a−s receding rate (i.e. the speed of
initial contact), the initial receding rate (3.7 µm/s) was enhanced to be 10 times
(37 µm/s) and 20 times (73 µm/s). As shown in Fig. 6.6a,b, both the trends of ∆Z
and U are constant, which suggests the CLw−a−s receding rate is not a dominated
parameter of the CLfour−phase extension process. It is reasonable considering the
value of Umax reached about 10 mm/s during extension, which is about 137 times
to the maximum value, 73 µm/s of the CLw−a−s receding rate we provided in the
experiments. However, for the 10 and 20 times enhanced withdrawal rate, there is
still a reduction in ∆Z and U . This reduction is supposed as a result of a larger
pressure imposed by the syringe pump to achieve faster CLw−a−s receding rates.
Chapter6 137
6.3.2.3 Morphology evolution of the oil microdrop
As we mentioned before, the morphology of oil microdrop illustrated a ‘saddle’
shape between the oil meniscus at the extending CLfour−phase and the remaining
circular part of oil residue. Now we quantitatively investigate the variation of
the length of this saddle shape Ls during the morphology evolution process of
octanol microdrops in different sizes, as plotted in Fig. 6.5a. It represents that
Ls appeared and increased in a very short time and then grudually dropped back
to zero. For example, it only took 12 ms increasing to 180 µm, and then took
120 ms dropping back to zero, for an octanol microdrop with Doil = 342 µm.
For a larger oil microdrop, the maximum saddle length, Ls,max is longer and the
evolution takes longer time. As to the largest oil microdrop with the diameter of
520 µm in the experiments, the saddle was too wide to break up and thus hadn’t
returned to 0.
As we collected Ls,max data at different experiments and plotted as a function
of oil microdrop diameter Doil in Fig. 6.5b, it obviously demonstrates a linear
relationship with the slope of 0.59. Further, as shown in the Fig. 6.5c, Dresidue
is also proportional to Doil with a slope of 0.67, which is pretty close to the
trend between Ls,max and Doil. This reveals the size of oil residue Dresidue after
the CLfour−phase extension may be directly dominated by the maximum length of
saddle Ls,max existing during the CLfour−phase extension process. As to the cases of
two largest oil microdrops, the diameters of oil residues are clearly larger than the
fitting data, influenced by their non-breakup saddle morphologies. Moreover, the
scaling law Dresidue ≈ 0.67Doil suggests that, during each extension, the diameter
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of octanol microdrop will reduce appropriate 1/3, corresponding to a volume loss
∼ 70%. In this case, if we keep withdrawing the water away by syringe pump, the
receding CLw−a−s would touch the residue oil microdrop again. This four-phase
CLfour−phase extension process would further repeat until all the oil liquid under
water phase was totally depleted.
6.3.2.4 Different internal oil microdrops
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Figure 6.7: (a) Representative images of the oil morphologies existing when
the receding CLw−a−s touches the different oil microdrops (octanol, decanol,
and undecanol) inside with a diameter of approximate 100 µm. Scale bar is
100 µm. The oil morphologies are coloured in red. (b) Displacement ∆Z and
(c) velocity U versus time during the CLfour−phase extension process of different
oil microdrops. (d) The plot of the diameter of the residue oil microdropDresidue
versus Doil. The black, red, and blue dashed line represent the slopes in the
linear fitting of octanol, decanol, and undecanol microdrop with the value of
0.61, 0.77, and 0.79, respectively.
Table 6.1: Physical properties of different oils and the ratio between Dresidue
and Doil
No. Oil γoil−air (mN/m) γoil−water (mN/m) ν (mPa.s) Fitting slope
1 Octanol 27.5 8.4 7.4 0.61
2 Decanol 28.5 8.6 12 0.77
3 Undecanol 26.5 8.8 20 0.79
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Besides the octanol microdrop discussed before, more oils such as decanol and
undecanol were studied as well. As listed in Table. 6.1, octanol, decanol, and
undecanol own close values of the surface tensions at both the oil-air interface and
oil-water interface. While their viscosities ν are quite different, increasing from 7.4
to 12, and 20 mPa.s. In experiments, obviously inverse CLfour−phase extensions of
all oils were observed. The representative snapshots during CLfour−phase extension
processes of different oils are illustrated in Fig. 6.7a. The plot of displacement ∆Z
(Fig. 6.7b) displays that all the CLfour−phases extended about 100 µm in only
10 ms after touched the internal oil microdrops. The corresponding velocity U in
Fig. 6.7c represents the unified feature peaks of three oils with the maximum values
of approximate 8 mm/s occured at 2 ms. This reveals the four-phase CLfour−phase
extension is initially driven by the surface tensions.
While with a larger viscosity, the U of CLfour−phase of the undecanol microdrop
demonstrates the variation with larger inertia property. Specifically, the velocity
peak of undecanol is apparent wider than those of octanol and decanol. Meanwhile,
U of undecanol microdrops back to 0 in only 10 ms, but it takes over 20 ms for
octanol and decanol. We also found that the viscosity difference among three oils
would result in the different splitting ratio after they were touched by the receding
CLw−a−s. In a plot of Dresidue versus Doil shown as Fig. 6.7d, the fitting slopes of
octanol, decanol, and undecanol, are marked as the black, red, and blue dashed
lines, with the value of 0.61, 0.77, and 0.79, respectively. This suggests when
touched by a receding CLw−a−s, less oil would be taken away if it has a larger
viscosity. This trend is closely relative to the morphology evoluation during the
Chapter6 140
CLfour−phase extension process. After the morphologies of oil are coloured in red
in Fig. 6.7a, it is obvious that the length of oil meniscus at the rim decreased as
the oil viscosity was enhanced. Therefore, less oil moves to the CLfour−phase if the
oil microdrop has larger viscosity and results in a larger ratio between Dresidue and
Doil.
6.4 Mechanism of four-phase CLfour−phase exten-
sion
OTS-glass substrate
Water
Air
Water
Oil
OTS-glass
θd≈100
o
θeq≈35
o
Air
Oil
Figure 6.8: Theoretical schematic of the principle of the CLfour−phase exten-
sion when a receding CLw−a−s touches the internal octanol microdrop. When
octanol touches the CLw−a−s, as the oil spreading over the water drop, the
dynamic CA (θd) of octanol on OTS-glass substrate is about 100
◦, which is
significantly larger than the equilibrium CA ( θeq) and thus drives the extension
of CLfour−phase.
Based on the results at various experimental conditions from confocal microscopy
and high-speed imaging, here we propose a qualitative explanation for this four-
phase merging case with an octanol droplet for an instance. The entire extension
process can be divided into the following four steps:
(1) It is clear that when the octanol microdrop at water-substrate interface was
touched by the three-phase receding CLw−a−s, the additional oil phase transfered
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the CLw−a−s system into a four-phase configuration, CLfour−phase. Oil appeared
at the rim of the water drop and transfered into the meniscus morphology in less
than 1 ms. The spreading coefficient S of octanol at the interface between water
and air can be calculated using eq. 6.2:
S = γwater−air − γwater−oct − γoct−air = 36.1mN/m > 0. (6.2)
With a value of 36.1 mN/m, which is significantly larger than 0, octanol will
immediately spread over the interface of the water drop.
In this case, in relation to the configuration of octanol on the hydrophobic OTS-
glass substrate, the dynamic CA, θd is about 100
◦, which is much larger than the
equilibrium CA, θeq with the value of 35
◦, as sketched in Fig. 6.8c. Therefore, this
difference between θd and θeq drives the extension of CLfour−phase on the substrate,
and the corresponding driving force F follows equation [2, 20]:
F = γoct−air(cosθeq − cosθd). (6.3)
Further, the velocity of the extending CLfour−phase, U can be calculated as
U =
γoct−air(cosθeq − cosθd)
ξ
. (6.4)
Here, ξ is a factor that arises in the physical model proposed and may depend, for
instance, on θd.[129] Therefore, we can speculate that, with the same γoct−air, θd,
and θeq, U is independent of the diameter of the octanol microdrop, which is in
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good agreement with the constant Umax about 9.86 mm/s identified in Fig. 6.4d.
Moreover, as to other oils with close surface tension, the value of Umax would be
similar as well. The CLfour−phase extension process involves the energy transfer
from surface energy into kinetic energy of the CLfour−phase movement.
(2) The CLfour−phase extension is a combined action of oil and regional part of wa-
ter on the hydrophobic substrate in air phase. The molecular interaction between
octanol and water plays an important role in this process, revealed by the advanc-
ing CA of 70◦ during the CLfour−phase extension process on OTS-glass substrate.
However, the advancing CA of the water drop is about 107◦ and the octanol mi-
crodrop is about 38◦ on the OTS-glass substrate in air. The water drop is forced
into an asymmetric morphology during the CLfour−phase extension process.
(3) As octanol keeps spreading over the surface of water drop due to the large value
of spreading coefficient S, the length of the octanol meniscus at the rim gradually
increases and its thickness gradually reduces. For larger octanol microdrops, more
octanol transfers to the rim according to the scaling law Dresidue = 0.67Doil in
Fig. 6.5c. Therefore, the CLfour−phase extension process driven by a larger octanol
microdrop will reasonably have a longer duration and result in longer CLfour−phase
displacement, as illustrated in Fig. 6.4e.
(4) As the oil meniscus is kept consuming by its spread over the huge water
drop, the decreasing contact area between octanol and water leads to a reducing
molecular interaction. Finally, when the thickness of the octanol meniscus is too
thin to hold the local water deformation, the CLw−a−s retracts from the extended
location due to the capillary force. A thin layer of octanol is left on the substrate
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and further develops into multiple tiny oil drops due to the breakup of a liquid
rivulet as a well-known phenomenon of Plateau-Rayleigh instability.[90, 94, 105,
154] These satellite drops are quite unstable when exposed in the air phase because
of the rapid evaporation rate as a result of their super-high specific surface area.
6.5 Conclusion
In summary, we observed and specifically investigated the four-phase merging
among oil, water, air and hydrophobic solid, when the receding CLw−a−s touches
an internal surface octanol microdrop. This transient four-phase configuration
leads to a spontaneous, inverse, dramatic extension of CLfour−phase with a dis-
placement larger than 2 times the diameter of the octanol microdrop, removing
approximately 70% of the oil volume. Meanwhile, the CLfour−phase extension
displays a remarkable maximum velocity of about 10 mm/s and the initial accel-
eration of about 10 m2/s. Furthermore, as the CLw−a−s moves backward due to
the capillary force, the thin oil layer at the rim left on the substrate develops into
multiple tiny drops, dominated by Plateau-Rayleigh instability. This CLfour−phase
extension process clearly demonstrates the energy transfer from surface energy
into kinetic energy among four phases at a micro-scale. This study relates to the
situation when the moving CLw−a−s touches internal liquid contamination for the
first time. It will be valuable not only for the theoretical understanding of the
four-phase configuration, but also has potential in the surface self-cleaning field
and for the fabrication of ultra-small surface nanodroplets.
Chapter 7
Conclusion and Outlook
7.1 Conclusion
This thesis presents the state-of-the-art understanding and applications of surface
nanodroplet formation on multiple substrates (planar or curved 2D substrate,
and 1D substrate) by solvent exchange. The nucleation and growth of surface
nanodroplets driven by the local oil oversaturation pulse created during the solvent
exchange process is better quantitatively understood as a result of the study.
Surface nanodroplet formation in this way is versatile, simple, and controllable,
making it highly promising as a droplet-based platform.
In Chapter 2, the gravitational effect on the nucleation and growth of surface
nanodroplets during solvent exchange process was experimentally and theoretically
investigated. We observed the significant difference in the droplet size for the three
substrate positions with a channel height of 0.21 mm. Under gravity, the mixing
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front between a lighter good solvent and a heavier poor solvent is pulled to be in
a nonsymetric parabolic profile. And thus, the maximum velocity position was
shifted near to the bottom wall at α(Ar)h with the relevant dimensional control
parameter (Archimedes number, Ar) of 10. Therefore, with different diffusion
times for the droplet growth on the upper and lower walls, the volume ratio of
droplet formation on them followed α3 : (1−α)3. We also provided two strategies
to eliminate the gravity effect: placing the flow channel vertically with an upward
flow, or reducing the channel height until Ar < 1. This chapter improves the
understanding of solvent exchange principle that the droplet nucleation and growth
is closely coupled with the flow condition near the boundary, and also provides
the guidelines for the controlled formation of surface nanodroplets.
In Chapter 3, we demonstrated the large-scale formation of surface nanodroplets
on a planar or curved substrate, guided by a better understanding of solvent
exchange principles. The size distribution of the surface nanodroplets was uniform
and tenable by the flow rate over the entire 4-in. silicon wafer. The production
rate can reach millions of droplets per second and even faster. With a prepatterned
substrate, highly-ordered droplet arrays were produced over a large surface area.
Meanwhile, a large quantity of nanodroplets can be also produced over the inner
surfaces of a bundle of capillary microtubes in parallel. As the proof-of-concept
application, surface nanodroplets were utilized for concentrating and further in
situ analyzing hydrophobic dye from the highly diluted aqueous solution in a very
simple process. Furthermore, we also demonstrate surface nanodroplets can work
as a general and simple platform for the fabrication of highly-ordered microlens
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array and polymer-capped hybrid micropillars. The study in this chapter paves
the way for many other surface nanodroplet-based applications.
In Chapter 4, the size and distribution of surface nanodroplets produced by the
solvent exchange process can be systematically varied by the local microfluidic
structures, which consist of a well-defined microgap perpendicular to the flow di-
rection, embedded on the opposite microchannel wall. For a fixed gap geometry, we
found and explained three prominent features: (i) enhanced volume of the surface
nanodroplets; (ii) increasing asymmetry in the droplet distribution as compared to
the gap location with increasing Pe; (iii) reduced exponent of the effective scaling
law of the droplet size with Pe. Moreover, the droplet size and distribution are also
influenced by the aspect and height ratios of the microgap at a given Pe value.
Our simulation results of the oversaturation profile reveal that the variation of
droplet size and distribution may be attributed to the local flow patterns induced
by the local channel microstructures, which help us to explain the experimental re-
sults. Additionally, we achieved a continuous gradient of surface nanodroplet size,
which was created on the homogeneous substrate under a tapered microchannel.
The way in which surface nanodroplets patterning introduced in this chapter is
achieved has circumvented the requirement of prepatterning the substrate surface,
which not only simplifies the fabrication process but also provides flexibility in
the substrate selection. The finding will guide the design of the local flow condi-
tions for solvent exchange to control surface nanodroplet positioning and spatial
distribution in microfluidic channel devices.
In Chapter 5, an one-dimensional substrate (a hydrophobic microfiber with a
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diameter of 10 µm) was placed in flow for the surface droplets formation during
solvent exchange process. The growth of surface nanodroplets on the microfiber
was dramatically enhanced when the microfiber was across the external flow direc-
tion, due to the coupled effects from the surface droplet formation and the local
flow condition. These coupled effects were obviously revealed by the dynamics of
droplets in the flow. On the other hand, the growth of surface nanodroplets on
the microfiber exhibited a different growth dynamics as the fiber orientation was
rotated to along the external flow direction. On the microfiber, the general trend
that surface droplets grow faster at higher flow rates is consistent with the situa-
tion on planar substrates. Moreover, the coupled interactions between the growing
droplets and the local flow condition were revealed in the Comsol simulations, in
which the asymmetry of oil oversaturation pulses deriving from the asymmetric
droplet-on-fiber geometry were clearly demonstrated. This finding from this chap-
ter will be valuable for design and utilization of solvent exchang process to achieve
the controlled formation of surface nanodroplets on the microfiber, and thus pro-
vide provide an efficiently droplet-based platform for the application of surface
nanodroplets in flow.
In Chapter 6, we observed and specifically investigated the four-phase merging
among oil, water, air and hydrophobic solid, when the receding CLw−a−s touches
an internal surface octanol microdrop. This transient four-phase configuration
leads to a spontaneous, inverse, dramatic extension of CLfour−phase with a dis-
placement larger than 2 times the diameter of the octanol microdrop, removing
approximately 70% of the oil volume. Meanwhile, the CLfour−phase extension
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displays a remarkable maximum velocity of about 10 mm/s and the initial accel-
eration of about 10 m2/s. Furthermore, as the CLw−a−s moves backward due to
the capillary force, the thin oil layer at the rim left on the substrate develops into
multiple tiny drops, dominated by Plateau-Rayleigh instability. This CLfour−phase
extension process clearly demonstrates the energy transfer from surface energy
into kinetic energy among four phases at a micro-scale. This study relates to the
situation when the moving CLw−a−s touches internal liquid contamination for the
first time. It will be valuable not only for the theoretical understanding of the
four-phase configuration, but also has potential in the surface self-cleaning field
and for the fabrication of ultra-small surface nanodroplets.
7.2 Outlook
Although great efforts have been made to develop the principle, control, and appli-
cations of surface nanodroplet formation as thoroughly as possible, the inevitable
time constraints have prevented investigations of various topics. Based on the
research reported in this thesis, the following topics would be valuable for further
investigation.
(1) During solvent exchange, surface nanodroplets are produced based on the
principle of nucleation and growth process. In this case, a larger droplet (with
higher concentration gradient) grows faster than a smaller one, and this results in
a reasonably wide size distribution of the final surface nanodroplets, especially on
a homogeneous substrate. Therefore, a versatile strategy is desirable to achieve
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the formation of surface nanodroplets of a uniform size without prepatterns on
the substrate. A plausible approach could be using well-designed micro-channel
structures to control precisely the local flow conditions.
(2) Instead of single-component surface nanodroplet formation, solvent exchange
process is also a feasible approach to the production of multi-component droplets
at nano-scale. Multi-component nanodroplets are very promising as platforms for
real nano-sensors or nano-reactors.
(3) Based on the droplet formation on the microfiber in flow during solvent ex-
change process reported in Chapter 5, the contribution from fiber diameter and
surface property will be worthy for the further investigation. Moreover, the flow
vortex induced by the droplet growth would be promising in many physical and
chemical processes as well.
(4) The well-established droplet-based platform reported in this thesis provides
a foundation for broad applications. For example, it would be interesting to ac-
commodate biomolecules or cells in such surface aqueous droplets by dissolving
biomolecules or cells in solutions during the solvent exchange process or extract-
ing them directly from the bulk phase.
(5) In additional to surface nanodroplets of components in the liquid phase, the
extension of the solvent exchange process to deposit solid materials such as lipids
and nano-crystals could improve the understanding of various fundamental pro-
cesses, including wetting, evaporation, dissolution, crystallization, and heat and
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mass transfer. Moreover, this will dramatically benefit the fabrication of nanoma-
terials.
(6) For the four-phase CL configuration, a better quantitative understanding could
be developed by investigating more oils with various surface energies and viscosi-
ties. The influence of nano-roughness on contact line pinning or contact angle
hysteresis on a nano-scale would also be valuable topic for systematic study.
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ABSTRACT: Nanoscale droplets at a solid−liquid interface are of high
relevance for many fundamental phenomena and applied processes. The
solvent exchange process is a simple approach to produce, e.g., oil
nanodroplets over a large surface area on a substrate, by exchange oil-
saturated ethanol by oil-saturated water, which has a lower oil solubility than
ethanol. In this process, the size of the nanodroplets is closely related to the
ﬂow conditions. To achieve control of the droplet size, it is essential to fully
understand the nucleation and growth of nanodroplets under diﬀerent ﬂow
conditions. In this work, we investigate the gravitational eﬀect on the droplet formation by the solvent exchange. We compared
the droplet size as the substrate was placed on the upper or lower wall in a horizontal ﬂuid channel or on the sides of a vertical
channel with an upward or downward ﬂow. We found signiﬁcant diﬀerence in the droplet size for the three substrate positions in
a wide channel with height h = 0.21 mm. The diﬀerence of droplet size was eliminated in a narrow channel with height h = 0.07
mm. The relevant dimensional control parameter for the occurrence of the gravitational eﬀects is the Archimedes number Ar and
these two heights correspond to Ar = 10 and Ar = 0.35, respectively. The gravitational eﬀects lead to a nonsymmetric parabolic
proﬁle of the mixing front, with the velocity maximum being oﬀ-center and thus with diﬀerent distances α(Ar)h and (1 − α(Ar))
h to the lower and upper wall, respectively. The ratio of the total droplet volume on the lower and upper wall is theoretically
found to be (α(Ar)/(1 − α(Ar)))3. This study thus improves our understanding of the mechanism of the solvent exchange
process, providing guidelines for tailoring the volume of surface nanodroplets.
■ INTRODUCTION
Surface nanodroplets refer to the droplets at a solid−liquid
interface with at least one dimension less than 1 μm. Those
nanodroplets draw great interest from both fundamental studies
and broad applications.1−4 Such systems possess fascinating
stability and colloidal properties.5−7 They act as miniaturized
reactors in formulation industry,8,9 microcontainers for high
throughput screening and analysis,10−13 and adjustable lenses in
high-resolution near-ﬁeld imaging technique.14 The solvent
exchange is a simple approach to form nanodroplets (or
bubbles) at a solid−liquid interface.15,16 This approach is
versatile for the type of droplets (oils, or water) and planar or
nonplanar substrates.17 The droplets can be controlled to be as
small as several attoliters and be arranged on well-deﬁned
locations.18 The basic requirements for the solvent exchange
are (a) two miscible solvents (the ﬁrst: solution A; the second:
solution B), (b) the droplet liquid with a higher solubility in
solution A than in solution B, and (c) a substrate with an
appropriate wettability.1
To arbitrarily tailor the volume of surface nanodroplets, it is
essential to fully understand the principle of the solvent
exchange. The latest work by us and our co-workers has
reported the primary mechanism that drives the heterogeneous
nucleation and growth of droplets in this process: A pulse of oil
oversaturation is created at the mixing front between solution A
and B, the intensity and duration of which dominate the droplet
nucleation and growth.16 The theoretical analysis showed that
the volume of the nanodroplets increases with the Peclet
number (Pe) of the ﬂow as ∝ Pe3/4, in good agreement with the
experimental results.16 Gravitational eﬀects were noticed in
high channels where the convection facilitates the mixing and
the formation of larger and more heterogeneous droplets. In
this work, we try to understand whether the gravity plays a role
in a channel that is already narrow enough to eliminate
convectional eﬀects. Very interestingly, we found that the
volume of surface nanodroplets in a horizontal channel is still
subject to gravitational eﬀects until the channel height is less
than 70 μm. The insight from this work will be valuable for the
eﬀective design in scale-up of nanodroplet formation.
■ EXPERIMENTAL SECTION
Solutions and Substrate. The monomer and initiator were 1,6-
hexanediol diacrylate (HDODA) (80%, Sigma-Aldrich) and 2-
hydroxy-2-methylpropiophenone (97%, Sigma-Aldrich), respectively.
A stock solution of monomer precursors, served as oil-rich phase, was
prepared by mixing 10 volume of monomer and 1 volume of initiator.
Solution A was obtained after 4 mL of the stock solution was dissolved
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into 100 mL of 50 vol % ethanol aqueous solution. Solution B was
HDODA-saturated water.
Silicon coated with a monolayer of octadecyltrichlorosiliane (OTS-
Si) was prepared by following the protocol reported in previous
work,18 and was used as the substrate in all experiments. Before use,
OTS-Si substrate was sonicated in ethanol for 10 min and dried under
a nitrogen stream. It was further cleaned by a CO2 snow injector (30
Gunjet Spraying Systems CO. Wheaton, IL USA.) to remove any
aggregates on the surface.19
Solvent Exchange. The top and side view of the ﬂuid cell and
solvent exchange process are sketched in Figure 1a. During the solvent
exchange process, solution A with high oil solubility ﬁlled the ﬂuid cell
ﬁrst, and then was displaced by solution B with low oil solubility. The
solvent exchange speed is controlled at a constant ﬂow rate of solution
B by using a syringe pump. In order to identify the gravity eﬀect in the
solvent exchange process, four sets (Figure 1b) at diﬀerent tilting
angles (0, 90°, 180° and 270°) were designed and tested. After the
completion of the solvent exchange, the oil nanodroplets on the
substrate were illuminated with an UV lamp (365 nm, 20 W) for 15
min to order to solidify the nanolenses by photopolymerization.
Finally, the substrate was washed with ethanol and dried under a
gentle nitrogen stream. After this, the polymerized surface droplets on
the substrate was characterized by a reﬂection-mode optical
microscopy and tapping-mode atomic force microscopy (AFM).
Flow Conditions. In our experiment, the width (w) and height (h)
of the ﬂuid cell are 15 mm and 0.21 mm, respectively. The ﬂow
conditions are listed in Table 1, where U̅ is the mean ﬂow velocity, the
ﬂow rate is Q = hw U̅, the Reynolds number of ﬂow Re = U̅ h/ν = Q/
(wν) and Peclet number Pe = U̅h/D. Here ν is the viscosity (ν = 10−6
m2/s) and D is the diﬀusivity (D ≈ 1.0 × 10−9 m2/s).20,21 All of our
experiments are in the regime of laminar ﬂow, i.e., Re < 1.
■ RESULTS
The morphology of droplets produced on horizontal and
vertical substrates were characterized to examine the gravity
eﬀect. Figure 2a,b shows a representative three-dimensional
view and the plot of the droplet height versus the lateral size.
The shape of all the droplets are spherical caps with a height
(H) of 50 nm to 1.2 μm, a lateral diameter (L) of 2−40 μm.
The ratio between the droplet height and the lateral diameter is
approximately 0.03, corresponding to a contact angle around
6°. So the droplet morphology is same for diﬀerent tilting
angles and not inﬂuenced by gravity, which is expected as the
droplet size is so small that the capillarity force dominates.
Optical images in Figure 2c show the droplet size as the
substrate was positioned at diﬀerent angles. The droplets are
signiﬁcantly larger on the substrate that was faced down than
that faced up toward the ﬂow at the same rate of 100 μL/min.
Moreover, the probability distribution function (PDF) in
Figure 2d illustrates that the distribution of droplet size can be
varied dramatically by simply turning around the ﬂuid channel
with an angle of 0°, 90°, 180° to 270°.
We further examined the gravity eﬀects on the droplet size by
varying the ﬂow rate from 200 μL/min to 1600 μL/min at each
ﬁxed angle. As shown in Figure 3, for a given ﬂow rate the
droplet size always follow the same order on the substrate of 0°
< 90° < 180°. For low ﬂow rates of less than 800 μL/min, an
downward ﬂow on a 270° substrate produced much larger
droplets than an upward ﬂow on a 90° substrate. However, this
diﬀerence diminished as the ﬂow rate increased to 1600 μL/
min, and the droplet size became the same from both upward
and downward ﬂow.
The droplet volume per unit surface area was calculated
according to the lateral diameter and the droplet contact angle
of 6° resulting from Figure 2b. The analysis shows that the
volume of the droplets increases with the ﬂow rate. For a ﬁxed
angle of 0°, 90° or 180°, the droplet size increases with the
Peclet number of the ﬂow as Vol ∝ h3Pe3/4, as shown in Figure
4. This is consistent with the recent report on the droplet
formation under controlled ﬂow conditions. Our results show
that the scaling law (Vol ∝ h3Pe3/4) is valid not only on the
horizontal substrate at the angle of 0°,16 but also on the
substrate at the angle of 90° or 180°.
After having shown the Peclet number scaling relations of the
droplet volume for various orientations as derived in ref 16, we
would now like to address the prefactor. Therefore, we ﬁt the
data for the volume (Vol) in Figure 4b with the scaling law Vol
= f(θ)h3Pe3/4, with an orientation dependent prefactor f(θ).
The ratio of these prefactors between the upper (θ = 180°), the
lower (θ = 0°), and the vertical (θ = 90°) wall is 6.3:1:2.5. We
will explain soon that this ratio is exactly due to the
gravitational eﬀect.
■ DISCUSSION
We will now explain the gravity eﬀects on the droplet size. The
sketch in Figure 5a illustrates a perfect parabolic proﬁle of the
moving front where the mixing between two solutions occurs,
providing the oversaturated oil for the formation and growth of
surface droplets. The volume of droplets increases with the
Peclet number of the ﬂow as Vol ∝ h3Pe3/4.16 However, an ideal
parabolic proﬁle of the moving front of the solvent exchange is
only the case in the absence of gravity eﬀect. In general,
Figure 1. Illustration of the solvent exchange process and the
positioning of the ﬂuid channel. (a) The ﬂuid cell consists of a base, a
spacer and a glass top. The hydrophobic substrate was ﬁxed on the
base. (b) The four conﬁgurations (0°, 90°, 180° and 270°) that are
examined in this manuscript. When the ﬂuid cell was placed
horizontally, the ﬂow was always parallel to the substrate placed
either on the bottom (0° ﬂow) or on the top (180° ﬂow). When the
ﬂuid cell and the substrate were placed vertically, the ﬂow was either
pumped upward (90° ﬂow) or downward (270° ﬂow).
Table 1. Flow Rates during the Solvent Exchange.a
Q (μL/min) Re Pe U (mm/s)
100 0.04 111 0.53
200 0.08 222 1.06
400 0.17 444 2.12
800 0.34 889 4.23
1600 0.67 1778 8.47
aThe dimensions of the ﬂow channel were constant in all experiments.
Langmuir Article
DOI: 10.1021/acs.langmuir.5b03464
Langmuir 2015, 31, 12628−12634
12629
however, one solution is lighter than the other one, with a
density diﬀerence Δρ. In our case the lighter solution A (with
density 0.9 kg/m3) is displaced by a ﬂow of denser solution B
(with density ρ = 1.0 kg/m3), i.e., Δρ = 0.1 kg/m3. As the
channel is laid ﬂat, the proﬁle of moving front may not be
symmetric any more, due to the density diﬀerence between
solution A and B. The proﬁle of the moving front is shifted
downward, and consequently the position of the maximal ﬂow
velocity is lower than h/2 of the channel.
The crucial control parameter controlling these gravity
eﬀects is the Archimedes number22−24
ν
ρ
ρ
= ΔghAr
3
2 (1)
where g = 9.81 m/s2 is the gravitational acceleration and ν =
10−6 m2/s is the kinematic viscosity. For large Ar ≫ 1 (i.e.,
larger density diﬀerence or channel height) gravity plays a
prominent role, whereas for small Ar ≪ 1 (i.e., smaller density
diﬀerence or channel height), the gravity eﬀect can be
neglected. In our experiments h = 0.21 mm, Δρ/ρ = 0.1, and
ν = 10−6 m2/s, and we obtain Ar ≈ 10. So the gravity indeed
plays a substantial role on the shape of the front proﬁle. Later
we will perform experiments in a h = 0.07 mm channel,
resulting in Ar ≈ 0.35. Indeed, in that case we will not ﬁnd
eﬀects of the orientation of the channel, i.e., no gravity eﬀects.
How does the eﬀect of gravity, which becomes dominant for
Ar ≥ 1, qualitatively work? The maximum of the ﬂow will no
longer be in the middle of the (horizontal) channel, but be
shifted slightly down, due to the denser water (solution B) as
compared to ethanol (solution A). Therefore, the oil-rich
ethanol is pushed upward, where it will nucleate larger droplets
on the upper plate than on the bottom plate.
To further quantify the gravity eﬀects, we deﬁne the position
of the velocity peak (Vmax) in a horizontal ﬂuid channel. Vmax is
at αh with α from 0 to 0.5. In the case Vmax at the half channel
resulted from a symmetrical parabolic proﬁle (e.g., for Ar→ 0),
α is 0.5. When Vmax is on the bottom wall (e.g., for Ar→∞) α
is 0, and concurrently it is 1 for the upper wall. Ideally, one
should calculate α(Ar) for the solvent exchange process.
However, the detailed ﬂow pattern will be complicated and
time dependent; we will therefore leave α as a free parameter to
be determined from our data.
One crucial idea of our theory of ref 16 was to assume the
typical time scale for the nanodroplet growth to be the diﬀusive
time scale τ ∼ h2/D. When considering gravitational eﬀects, this
assumption needs an extension, namely, we use the position of
the velocity peak αh for the estimate of τ. The relevant length
scale is the distance between velocity maximum and wall, which
determines the diﬀusion time τ for the droplet growth, τ ∼
(αh)2/D, where D is the diﬀusion constant. The consequence
from a squeezed or stretched proﬁle is the diﬀerence of
diﬀusion time for the droplet growth on the upper and lower
walls, which is αh for the latter and (1 − α)h for the former.
By doing so, with the same reasoning and derivation as in ref
16, we obtain the scaling laws for the ﬁnal volumes of the
surface droplets after the solvent exchange: On the bottom wall
it is
α
ρ
∼ −
⎛
⎝
⎜⎜
⎞
⎠
⎟⎟
⎛
⎝
⎜⎜
⎞
⎠
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oil
3/2
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where cs,eth is the oil saturation concentration in ethanol, cs,wat is
the oil saturation concentration in water, h is the channel
height, and ρoil is the oil density. On the upper wall it is
α
ρ
∼ − −
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3/2
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3/2
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(3)
On a vertical substrate with upward ﬂow, the droplet volume is
not inﬂuenced by the gravity, thus α = 0.5,
Figure 2. Morphologic features, optical image and size distribution of the surface droplets formed in the solvent exchange process. (a)
Representative 3D AFM image of the polymerized surface droplets. (b) Height H versus lateral diameter L of the surface droplets. The slope is
certiﬁed to be nearly independent of the tilting angle. So the contact angle of surface droplet is independent of the tilting angle as well. (c)
Reﬂection-mode optical images of the ploymerized surface droplets produced at the ﬂow rate 100 μL/min of four tilting angles (0, 90, 180, and 270
deg). (d) PDF versus L (in μm) on a logarithmic scale.
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For the given channel height and Peclet number, the ratio of
the droplet volume on the substrates placed at 0° (Vlower), 90°
(Vvertical), and 180° (Vupper) thus is
α α= −V V V: : 8 : 1: 8(1 )lower vertical upper 3 3 (5)
From our experimental results for the prefactors ( f(θ)) in
Figure 4b (channel height h = 0.21 mm, corresponding to Ar ≈
10) we had the ratio 1:2.5:6.3 or 0.4:1:2.52, resulting in α ≈
0.37 for the droplet volume ratio of the lower case to the
vertical case, α ≈ 0.32 for the droplet volume ratio of the
vertical case to the upper case, and α ≈ 0.35 for the droplet
volume ratio of the lower case to the upper case. We conclude
that α(Ar ≈ 10) ≈ 0.35 reasonably describes our data, which
for this Ar seems to us to be a reasonable deviation from the
value α(Ar = 0) = 0.5 without gravitational eﬀects.
Figure 3. Optical images and PDF of four substrate positions at various ﬂow rates. (a−d) More optical images of four positioning angles at diﬀerent
ﬂow rates: 200 μL/min, 400 μL/min, 800 μL/min and 1600 μL/min. (e−h) The corresponding results of PDF versus L (μm) on a logarithmic scale
to optical images (a−d).
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As stated already above, for small Ar ≪ 1, i.e., for small
channel height h (see the deﬁnition eq 1, gravity eﬀects will
diminish. To conﬁrm this, we conducted experiments in
another horizontal channel with a smaller height of h = 0.07
mm, corresponding to Ar ≈ 0.35, at ﬂow rate Q = 400 μL/min.
The images and the size analysis of the droplets are shown in
Figure 6. Indeed, we found that there is no diﬀerence in the
average volume of droplets on upper or lower walls, in contrast
to the signiﬁcant diﬀerence for the channel height h = 0.21 mm.
This result further supports the gravity eﬀects on the droplet
formation by the solvent exchange. Meanwhile, according to eq
4 for the situation without gravitational eﬀect shown in Figure
6b, the droplet volume reduces with the cube of the channel
height. As the channel height decreases from 0.21 mm to 0.07
mm, we obtain the droplet volume from 0.14 μm3/μm2 to
0.0075 μm3/μm2. This is in good agreement with the
prediction, given the resolution limit for the measurement of
the channel height by an optical microscopy. The schematics of
the ﬂow proﬁles in the horizontal situation and the
corresponding oil oversaturation pulses ζ(t) of the lower and
upper wall for channel heights 0.21 mm (Ar ≈ 10) and 0.07
mm (Ar ≈ 0.35) are shown as Figure 6c,d, respectively. As the
channel height decreased from 0.21 mm to 0.07 mm and Ar
from≫1 to a value smaller than 1, the value of α goes up from
0.35 to close to 0.5, i.e., the value of the symmetric situation.
With our understanding of gravity eﬀects, we now re-examine
the experimental results of ref 16, where the droplets were
produced on the bottom wall of horizontal channels of three
diﬀerent heights. As the channel height increased from h1 =
0.33 mm, h2 = 0.68 mm to h3 = 2.21 mm (corresponding to
Archimedes numbers of Ar1 = 36, Ar2 = 314, and Ar3 = 10 794,
respectively), the available time τ ∼ h2/D for the droplet
growth increases. In ref 16 it was also conjectured that, in the
two higher channels, convection rolls further contribute to the
better mixing, and hence enhance the droplet growth. The
convection rolls occurred for the two higher channels as for
those cases the Rayleigh number was above the critical value for
onset of convection. In ref 16, the ratio of the droplet volume
was found to be approximately 1:1.4:2.8 for the three channels
of height 0.33 mm, 0.68 mm, and 2.21 mm, respectively. This
ratio is much smaller than h1
3: h2
3: h3
3, as, according to eq 2, the
gravity eﬀects must be considered, too, namely (apart from the
eﬀects of the convection rolls) the volume ratio should be
(α(Ar1) h1)
3: (α(Ar2) h2)
3: (α(Ar3) h3)
3, with a monotonously
decreasing function α(Ar). Clearly, the gravity eﬀects reduce
the droplet volume and thus partly compensate the collective
contributions from the larger channel height and the
convection.
As experimentally seen, gravity also inﬂuences the droplet
formation in the vertical ﬂow. As seen from Figures 2c and 3a−
d, the droplet volume is larger for the downward ﬂow than for
the upward ﬂow, which is particularly pronounced at slow ﬂow
rates. Two possible eﬀects may contribute to this feature: First,
although the ﬂow rate of solution B was controlled, the body
force due to the density diﬀerence (∼10%) between solution A
and B diﬀerently aﬀects the ﬂuid velocity for downward and
upward ﬂow: For downward ﬂow, the actual ﬂow rate may in
fact be slightly larger due to gravity, leading to an eﬀectively
larger Peclet number. This eﬀect would be particularly
pertinent at low ﬂow rates (as indeed seen in Figure 4).
Second, it could be that for downward ﬂow (water pushing
down the lighter ethanol) the Rayleigh−Taylor instability25,26
leads to enhanced mixing at the interface and thus to larger
droplets. Again, this eﬀect would be relatively more
pronounced at low ﬂow rates than at large ﬂow rates, as then
the instability has more time to develop. Additionally, we do
not want to exclude that there are deﬁciencies in our control of
the ﬂow rate Q, in particular as the overall volume changes
when mixing ethanol and water. We noticed that some droplets
line up along the downward ﬂow direction at slow ﬂow rates, in
contrast to the rather homogeneous distribution over the entire
surface in case of an upward ﬂow. This suggests a nonuniform
ﬂow in our channel connected gravity eﬀects.
Figure 4. Size of surface droplets formed at diﬀerent tilting angles and ﬂow rates under the channel height 0.21 mm. (a) Averaged volume per μm2
of surface droplets as a function of various ﬂow rates of four tilting angles. (b) Averaged volume of surface droplets versus the Peclet number on a
log−log plot. The dashed lines show the slope of 3/4, corresponding to the scaling law Vol ∝ h3Pe3/4.
Figure 5. Geometrical schematics of solvent exchange process in
diﬀerent tilting angle (a: 90°; b: 0° and 180°). The vector g points in
the direction of gravity. The dashed lines show the position of the
maximal ﬂow velocity at each situation.
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■ CONCLUSIONS
In summary, we experimentally and theoretically investigate
gravitational eﬀect on the nucleation and growth of surface
nanodroplets during the exchange of a lighter good solvent by a
heavier poor solvent. With a channel height of 0.21 mm, we
found the droplet size is signiﬁcantly larger on the upper wall
than that on the lower wall. The gravitational eﬀect is attributed
to the nonsymmetrical parabolic proﬁle of the mixing front
under gravity. Speciﬁcally, the position of the maximal ﬂow
velocity is shifted away from the upper wall toward the lower
wall. Consequently, the diﬀusion time for the droplet growth is
longer for the upper wall, and shorter for the lower wall. The
ratio of the droplet volume on the lower and upper wall
followed α3: (1−α)3, where the position of velocity peak Vmax is
αh. When the channel is placed vertically in an upward ﬂow, or
is reduced in height, the gravity eﬀect becomes negligible for
the droplet formation. The results in this work have clearly
demonstrated that the droplet nucleation and growth is
coupled with the ﬂow conditions near the boundary. The
ﬁnding will guide the design of the ﬂow conditions in the
solvent exchange for the controlled formation of surface
nanodroplets.
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ABSTRACT: Microscopic droplets located on a solid
substrate in contact with an immiscible liquid promise a
broad range of applications in miniaturized analytical tech-
niques, fabrication of antireﬂective coatings, high-resolution
near-ﬁeld imaging techniques, and many others. A simple
method of producing oil nanodroplets with desirable mor-
phology is a bottom-up approach called solvent exchange,
where nanodroplets nucleate and grow, as a good solvent of oil
is displaced by a poor solvent. In this work, we have achieved
the production of surface nanodroplets over a large surface
area on planar or curved surfaces, guided by the principles of
the solvent exchange. The droplet size is uniform over the
entire surface of a planar or curved substrate and tunable. The production rate is extremely high at 106 nanodroplets per second.
This advance in the nanodroplet production provides a general platform for droplet-based applications. Here we demonstrate
that the application of surface nanodroplets in microextraction of hydrophobic solute (dye) from its highly diluted aqueous
solution and in situ detection of the dye in a simple process, and in fabrication of highly ordered array of microlens arrays and
polymer-capped microstructures by simple processes.
KEYWORDS: surface nanodroplets, solvent exchange, ﬂow rate, microextraction, microlens, hybrid microstructure
■ INTRODUCTION
Surface nanodroplets are of signiﬁcant interest because of their
novel fundamental properties,1−4 as well as broad applications
across lab-on-chip devices,5,6 DNA and cell analysis,7,8 highly
eﬃcient miniaturized reactors,9,10 high-resolution near-ﬁeld
imaging technique,11−13 and high-throughput screening and
analysis.14−16 Various top-down methods have been developed
to fabricate surface nanodroplets with an adjustable size, and in
well-arranged patterns,17−19 including dip-pen nanolithogra-
phy,14,20 inject printing,19,21−23 surface wrinkling,24 and
controlled dewetting of polymer ﬁlms.25,26 Solvent exchange
is a simple bottom-up approach for forming a large quantity of
nanodroplets on an immersed substrate.27,28 Speciﬁcally, a
hydrophobic substrate is exposed sequentially to two miscible
solutions, where the second solution has a lower solubility
of the droplet liquid than the ﬁrst solution. The system is
oversaturated at the mixing front of the two solutions, leading
to the nucleation of nanodroplets on the substrate.
Our latest work has signiﬁcantly advanced understanding of
the principle of solvent exchange. The size of nanodroplets is con-
trolled by several parameters, including ﬂow rates, ﬂow geometry,
gravitational eﬀect, and composition of solutions.28−31 The mean
droplet volume is determined by the Peclet number (Pe) of the
second ﬂow as ∝ Pe3/4 and scales with h3 based on the scaling
law of diﬀusion time (τ) to the channel height: τ ∝ h2/D.
Yu et al.30 has addressed the gravitational eﬀect on the solvent
exchange process and pointed out that the inﬂuence of gravity
can be eliminated by an upward ﬂow. Lu et al.31 investigated
systematically the inﬂuence of solution composition on the
droplet size by utilizing a ternary system of cyclohexane, water,
and ethanol to form water droplets on a hydrophilic substrate
and cyclohexane droplets on a hydrophobic substrate. They
found the maximal droplet volume was limited by the phase
separation of the solvents used in the solvent exchange, and the
key feature to the droplet diameter was the square root of the
area (A), deﬁned by the phase boundary and the concentration
ratio between the good solvent and the droplet liquid in the
Ouzo zone in the three−phase diagram. Furthermore, highly
ordered nanodroplet arrays have been achieved on prepat-
terned substrates with controlled volume down to femtoliters.32
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Formation of nanodroplets over a large surface area is
essential for many practical applications, such as surface
functionalization or droplet-based analysis and separation.
Up to now, the nanodroplets usually form on a substrate
over a surface area of approximately 1 cm2 situated in a micro-
channel. In this work, we reveal the high potential of
solvent exchange in the production of surface nanodroplets
on a planar or curved substrate over a large surface area.
The design of the solvent exchange is guided by the mechanism
of the droplet formation in the ﬂow. We have produced the
nanodroplets with a tailored size distribution on an entire
silicon wafer over a surface area of ∼100 cm2. Nanodroplets
were also produced on the inner surface of capillary microtubes
in a bundle by an upward solvent exchange process. We expect
that there are no fundamental hurdles for the solvent exchange
to be applied to an even larger planar surface (such as a
window) or more microtubes in parallel, promising a general
platform for droplet-based technology. To achieve this, the
main controls of the solvent exchange are shown to be (1) a
vertical uniform upward laminar ﬂow of the second solution
at controlled ﬂow rates; (2) a uniform and narrow distance
between the substrate and the opposite channel wall. Large-
scale production of uniform nanodroplets provides a general
and eﬀective platform for a wide range of droplet-based appli-
cations, among which we will demonstrate three proof-of-
concept experiments in highly eﬃcient liquid−liquid micro-
extraction to preconcentrate hydrophobic solute in in situ
microanalysis, and in fabrication of highly ordered nanolens
arrays for light manipulation and polymer-capped hybrid micro-
structures.
■ EXPERIMENTAL SECTION
2.1. Chemicals and Substrates. 1,6-Hexanediol diacrylate
(HDODA) (80%, Sigma-Aldrich) and 2-hydroxy-2-methylpropiophe-
none (97%, Sigma-Aldrich) were used as the monomer and the
initiator in the photopolymerization process, respectively. An oil-phase
stock solution consisting of the monomer and the initiator with a
volume ratio of 10:1 was prepared. Then 2 mL of this stock solution
was dissolved in 100 mL 50 vol% ethanol aqueous solution to form
solution A. Solution B was prepared by dissolving 14 mmol/L (1 times
the critical micelle concentration (CMC)) dodecyltrimethylammo-
nium bromide (DTAB) into HDODA-saturated water. Four-inch
silicon wafers (University Wafer Inc., Boston, MA) were cleaned in
piranha solution (70% H2SO4 and 30% H2O2) at 85°C for 30 min and
were used as the substrate. The large-scale prepatterned substrate was
fabricated following the next steps: First, spinning photoresist
(AZ1512HS, MicroChemicals GmbH, Ulm, Germany) on a clean
silicon wafer (or glass wafer) and then exposing to UV light through a
well-designed photomask; second, washing by developer solution and
distilled water; third, the substrate was treated by chemical vapor
deposition (CVD) of OTS. Thus, the unprotected circular domains
were transformed to be hydrophobic and the remaining protected part
would be hydrophilic after further stepwise washing by acetone,
isopropyl alcohol (IPA), and ethanol. The contact angle of water in
air on the hydrophobic and hydrophilic domains were 118° and 10°,
respectively. The roughness of the substrate was below 2 nm after
CVD treatment.
2.2. Formation and Characterization of Surface Nano-
droplets. A schematic of the side view of the ﬂuid cell for the
large-scale solvent exchange process is provided in Figure 1a. During
the experiments, the large-scale ﬂuid cell was ﬁrst ﬁlled with solu-
tion A, then solution B was injected from the bottom of the ﬂuid cell
at a speciﬁc ﬂow rate, which was controlled by a syringe pump.
The substrates were ﬁxed vertically, and the solutions had an upward
ﬂow.30 In order to enable uniform ﬂow rates across the ﬂuid cell,
a groove was made in the cell which was connected to the inlet.
The outlet was open across the top of the cell. The width (w) and
channel height (h) of the ﬂuid cell is about 10 cm and 0.7 mm,
respectively. The ﬂuid parameters (Peclet number Pe and Reynolds
number Re) can be obtained at diﬀerent ﬂow rates Q according to
the equations: Pe = Uh/D = Q/wD and Re = Uh/v = Q/(wv), where
ν is the viscosity (ν = 10−6 m2/s) and D is the diﬀusivity (D ≈ 1.0 ×
10−9 m2/s).33,34 For the large-scale ﬂuid cell at diﬀerent ﬂow rates
(500 μL/min, 1000 μL/min, and 2000 μL/min), Pe is 83, 167, and
333, and Re is 0.03, 0.06, and 0.12, respectively. As Re numbers of all
the experiments are less than 1, the ﬂow regime in the large-scale ﬂuid
Figure 1. Illustration of large-scale solvent exchange process at the ﬂow rate of 500 μL/min. (a) Sketch of large-scale solvent exchange process and
nine locations picked for analysis. (b) Macroscopic photo of nanolenses on the whole silicon wafer. A defect at top left corner is caused by one
bubble located at the edge of the outlet groove. (c) Optical images of polymerized droplets. Scale bar: 20 μm. (d) 3-D AFM morphology and cross-
section proﬁle of polymerized nanodroplets.
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cell is laminar ﬂow. After surface nanodroplets formed on the substrate
by the solvent exchange process, the ﬂuid cell was placed under a UV
lamp (365 nm, 20 W) for 15 min to photopolymerize the nano-
droplets into nanolenses. Finally, the substrate with nanolenses was
washed by ethanol and dried in a gentle nitrogen stream.
The surface nanodroplets were charactered using reﬂection mode
optical microscopy (Huvitz HRM-300), ﬂuorescence microscopy
(ECLIPSE Ci, Nikon, light source: INTENSILIGHT C-HGFI,
Nikon), and atomic force microscopy (AFM, Dimension Icon-Bruker,
ScanAsyst mode). The cantilevers for AFM imaging were purchased
from Bruker (SCANASYST-AIR). The corresponding optical images
were tested by reﬂection-mode optical microscopy and further
analyzed to calculate the mean diameter and probability distribution
function (PDF).
2.3. Surface Nanodroplets for Liquid−Liquid Extraction. The
solvent exchange process described above was used to form highly
ordered surface droplets on a vertical prepatterned substrate at Q =
50 μL/min, h = 0.35 mm and w = 15 mm. Rhodamine 6G aqueous
solutions with concentrations of 5, 10, and 15 ng/mL (c1, c2, and c3)
were then pumped into the system at a ﬂow rate of Q = 400 μL/min.
As the solubility of HDODA in water is only 0.343 kg/m3 and the
duration of dye extraction is several minutes, we neglect the dis-
solution of HDODA in dyed water.35 The dye extraction processes
were recorded by top-view ﬂuorescence microscopy. Then, the view
was divided into two parts for further analysis: One part is the area
above the patterned surface droplets (part 1, oil droplet covered
region). The other part is the surrounding area above the substrate
(part 2, non oil droplet covered region). The averaged ﬂuorescence
intensities of two parts (I1 and I2) were analyzed by self-written Matlab
codes.
2.4. Fabrication of Highly Ordered Nanolens Arrays and
Polymer-Capped Hybrid Microstructures. The highly ordered
nanodroplet array of HDODA was directly produced on the
prepatterned glass substrate, and then transferred into nanolens
array by light initiated polymerization. The diﬀraction experiments
were operated by projecting a beam of white light normal through
a pinhole to the 5 μm and 10 μm lens arrays, respectively.
The polymer-capped hybrid micropillars were fabricated by a standard
three-step deep reactive-ion etching (DRIE, Bosch etcher Oxford
PlasmaPro 100 Estrelas) process. During DRIE process, the top
surface nanolenses were applied as the protection layer. Height of
micropillars was controlled by the etching duration of DRIE
fabrication.
■ RESULTS AND DISCUSSION
3.1. Formation of Nanodroplets Over a Large Area on
a Planar or Curved Surface. The solvent exchange was ﬁrst
performed to produce surface nanodroplets over a silicon wafer
in a ﬂow channel as sketched in Figure 1a. The photograph of
the substrate after the polymerization of droplets (Figure 1b)
appeared to be homogeneous except for two narrow areas near
the end, suggesting a consistent size distribution of droplets over
a large surface area. The lateral base diameter of surface nano-
droplets was extracted from high resolution optical images
Figure 1c. The aspect ratio of the droplets based on AFM
height images represented in Figure 1d was about 0.12, con-
sistent with the previous report of 0.11 at the same surfactant
concentration.29 This aspect ratio corresponds to a contact
angle of 27°, which is used to calculate the droplet volume
along with its lateral diameter.
The size distribution of surface nanodroplets was analyzed
from the images taken from nine locations (249 μm × 187 μm
each) in a 3 × 3 array on the wafer with the interlocation
distance of approximately 3 cm (Figure 1a). The analysis
(Figure 2) shows, that there is no diﬀerence in PDF, mean
diameter, or volume of surface nanodroplets on diﬀerent
locations. The droplet lateral diameters vary from 1 μm to
about 11 μm with the maximal probability at 4−5 μm.
The mean diameter (D) is approximately 4.2 μm, and the
averaged volume per μm2 was 0.134 μm3/μm2. This size
distribution of the droplets is not due to the ﬂow variation, but
due to the unconﬁned growth and coalescence among droplets
on the homogeneous substrate, analogous to the formation of
dew droplets through heterogeneous nucleation on a sub-
strate.36 The results clearly show that the solvent exchange is
capable of producing a large surface area of surface nano-
droplets with the same size distribution.
According to the scaling law reported in our former work:30
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where cs,eth is the oil saturation concentration in ethanol, cs,wat is
the oil saturation concentration in water, ρoil is the oil density,
and h is the channel height. The volume of oil droplets (with a
contact angle of 6°) formed on the vertical Si-OTS substrate
with an upward ﬂow is 0.0138 μm3/μm2 at Pe = 111 and
h = 0.21 mm. Based on this data and combining with the
experimental parameters in this work: the oil concentration in
solution A is reduced to 0.2 vol%, Pe = 83, and h = 0.7 mm,
the theoretically calculated volume of droplets should be
0.145 μm3/μm2 according to eq 1. This theoretical value of the
volume matches the averaged volume (0.134 μm3/μm2) we got
on the silicon substrate with the surfactant present at 1 CMC.
This means the volume of the surface droplets formed by the
large-scale solvent exchange process can be tailored according
to eq 1.
Figure 2. Size distribution of droplets at diﬀerent locations at the ﬂow rate of 500 μL/min. (a) PDF analysis; (b) plot of average diameter and
volume at the corresponding locations. There is no diﬀerence in the droplet size distribution at diﬀerent locations.
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Besides the large-scale formation on a homogeneous
substrate, a highly ordered array of surface droplets can be
formed on the chemically prepatterned substrate over a large
surface area, as shown in Figure 3a,b. The size of the nano-
droplets in the array is highly uniform, following the prepattern
of the hydrophobic domains on the entire wafer. The height of
each droplet is about 1.28 μm and the corresponding 3-D
image is shown in Figure 3c. The droplet volume can be
mediated by the ﬂow rate or oil concentration in the solutions.
Our previous work showed that on small hydrophobic domains
with a diameter of 1 μm, the solvent exchange could produce a
highly ordered array of attoliter droplets.32 Consequently, the
contact angle or aspect ratio of the lenses in the array is
adjustable by the ﬂow rate or solution conditions,32,37 due to
the constant contact area growth mode of the droplet on the
hydrophobic domain. Once the contact angle of the droplets
reaches a critical value, the three-phase contact line may depin
from the domain boundary, leading to expansion of the droplets
toward the hydrophilic surrounding area. Under our exper-
imental conditions, the contact angle of the droplets on the
hydrophilic area was about 120°, which limits the maximal
contact angle of the lenses in the array.
The solvent exchange can be also simply applied to produce
nanodroplets on curved surfaces. We demonstrated this
possibility by forming nanodroplets on the inner surface of
capillary microtubes shown in Figure 4. During the solvent
exchange, the microtube ﬁlled with the ﬁrst solution was placed
vertically into the second solution, that was dragged upward by
a negative pressure from the other end. The droplets formed
evenly over the inner wall. The solvent exchange was also per-
formed to simultaneously produce nanodroplets on 20 capillaries
in a bundle.
The key to a desirable droplet size distribution is the
controlled ﬂow conditions, including Peclet number of the
ﬂow and channel geometry. The gravitational eﬀects on the
ﬂow have been eliminated by placing the substrate vertically
and supplying the heavier second solution upward. A constant
ﬂow rate must be maintained during the entire solvent exchange
process, which determines the mean size of droplets.
Now we point out that the solvent exchange is an extremely
fast approach for producing surface nanodroplets in terms of
the number of droplets per unit time ( f). At the ﬂow rate of
500 μL/min, the number density (n) of nanodroplets per unit
surface area was 2.5 × 106 per cm2, based on our statistical
analysis of the images over 9 areas in Figure 1a. We estimate f
as below.
= = =f N
t
ns nQ
hhs
Q (2)
Here, N is the total number of nanodroplets on the substrate
(N = ns), t is the time for the channel to be ﬁlled with second
solution (t = hs/Q), and s is the surface area of the substrate.
The channel height, h, is 0.7 mm in the experiments. Thus, f is
3 × 104 droplets per second.
In the nanodroplet formation by solvent exchange, the
number density n is inﬂuenced by both Q and h. In a diﬀerent
ﬂow channel, we halved h to 0.35 mm and doubled Q to
1000 μL/min, and obtained n of over 107 per cm2. With these
settings, f went up to 5 × 105 per second. Further, if two
substrates are placed face-to-face on both channel walls, the
droplets can form simultaneously on both surfaces. Hence the
value of f could be easily doubled to 1 × 106 per second.
3.2. Tuning the Droplet Size by the Local Flow Rate.
The ﬂow conditions can be potentially employed to selectively
modulate the local droplet size as shown in the following
section. As sketched in Figure 5a, the ﬂow rate was varied from
Q1 (500 μL/min) at the beginning, and then Q2 (1000 μL/min)
to the last Q3 (2000 μL/min). The diﬀerence in the droplets at
Figure 3. Highly ordered surface nanodroplet array on a prepatterned substrate over a large area. (a,b) Optical images at diﬀerent ampliﬁcations and
(c) 3-D AFM morphology of surface droplet on the large-scale prepatterned substrate. The height and lateral diameter are 1.28 and 10 μm,
respectively.
Figure 4. Surface nanodroplets on curved inner surface of microtubes.
(a) Schematic drawing of nanodroplet formation in multiple capillary
tubes by solvent exchange. (b) Optical images at diﬀerent
ampliﬁcations of surface droplet formation on the inner surface of
capillary tubes. The inner diameter of the microtubes was a 0.7 mm
and the length was 10 cm.
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diﬀerent zones is visible from the macroscopic photo and
optical images of the substrate with polymerized droplets in
Figure 5b,c. There are two lines corresponding to the locations,
where the ﬂow rate was switched from Q1, Q2 to Q3. The shift
of the droplet size with the ﬂow rate at three locations is clearly
reﬂected in PDF of the droplet diameters, as shown in Figure 5d,e.
We measure, that increasing the ﬂow rate by a factor of 4
increases the droplet diameter by 50%, hence the diameter can
be varied by changing the ﬂow rate. Based on our recent
theoretical framework,28,30 for the same channel height (h), D
scales with ∼ Pe1/4 or ∼ Q1/4.
On the other hand, the correlation between the droplet size
and the ﬂow rate enables us to estimate the local ﬂow condition
based on the droplet size. For example, we could determine
the location where the ﬂow rate switched from Q1 to Q2 in the
image in Figure 5f. We obtained the mean droplet size over
the entire area of the image, based on which we could deter-
mine the exact location of the transition:
α α= + −D D D(1 )mean 1 2 (3)
Here the mean diameter Dmean, is 4.61 μm, D1 is 4.11 μm at Q1,
and D2 is 5.04 μm at Q2. The exact position of the transition is
at αw, and we obtain α = 0.46. In reverse, it is also possible to
determine the ﬂow rate based on the droplet size.
3.3. Microextraction and Fabrication of Microstruc-
tures Based on Surface Nanodroplets. Overall, the above
results show that surface nanodroplets can be produced by
solvent exchange on a large surface area, providing a general
platform for various nanodroplet-based applications. Below we
will demonstrate the applications of surface nanodroplets in
microextraction from a highly diluted solution. Such surface
bound droplets may not be good for large scale extraction in a
continuous ﬂow. However, surface nanodroplets may be prom-
ising for concentrating hydrophobic compounds from aqueous
solutions for highly sensitive analysis. This approach is similar
to a single microdroplet extraction in current analytic techniques,38
but with millions of droplets in parallel. The hydrophobic
solute in an aqueous solution can be concentrated into the
nanodroplets and detected in situ by surface sensitive tech-
niques without further separation that is usually required in
dispersive microdroplet extraction in bulk.39 Furthermore, the
long lifetime and temporal stability of surface nanodroplets
allow for some long-term extraction process and extraction
without addition of stabilizers.
To demonstrate the feasibility for microextraction, surface
nanodroplets on prepatterned substrate were exposed to an
aqueous solution to extract the hydrophobic dye from the ﬂow.
The process for the dye extraction is sketched in Figure 6a.
The optical image in Figure 6a shows surface droplets formed
on the prepatterned substrate before dyed water was ﬂushed
into the ﬂuid cell. Several representative snapshots shown in
Figure 6b obviously demonstrate the variation of ﬂuorescence
intensity in the dye extraction process with a dye concentration
of c1 and c3 in water. The top-view movies of the entire process
with diﬀerent dye concentrations in water are provided as
Supporting Information (Movie S1−3).
The ratio of the intensity from oil droplets, I1, and from
the surrounding area, I2, is plotted as a function of time (t) in
Figure 7a. When the dye concentration in water is c1 (about
5 ng/mL), the dye intensity ratio gradually increases until it is
Figure 5. Flow rate control in the large-scale solvent exchange process. (a) Sketch of ﬂow rate varied in one solvent exchange process. (Q1: 500 μL/min,
Q2: 1000 μL/min, Q3: 2000 μL/min). (b) Macroscopic photo (7 cm × 2 cm) with the corresponding varied size of nanodroplets. (c) Optical images
with an upward ﬂow direction, the scale bar is 20 μm. (d) PDF analysis, (e) mean diameter of surface droplets at the diﬀerent ﬂow rates. (f) Optical
images of the nanodroplets located at the boundary between Q1 and Q2. The ﬂow direction is from bottom to the top with α = 0.46 and the scale bar is
20 μm. As the ﬂow rate increased from 500 μL/min, 1000 μL/min, and 2000 μL/min, the mean diameter of the surface droplets formed were 4.11,
5.04, and 5.91 μm, respectively.
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ﬁnally constant after 40 s, suggesting the transfer of dye from
water phase to oil phase. When the dye concentration in water
is further increased, there is an obvious peak in the plot.
This may be due to a weaker background (smaller I2). The time
of the dye extraction process at c2 and c3 is about 80 and 130 s,
respectively.
From the intensity ratio (I1/I2), we quantitatively calculated
the dye content in oil droplets:40,41
ε ϕ=I I cb2.3 0 (4)
where, I is ﬂuorescence intensity, I0 is intensity of light source, ε
is molecular absorption coeﬃcient of rhodamine 6G, c is dye
concentration, b is the length of the light path, and ϕ is the
ﬂuorescence quantum yield of rhodamine 6G.
ε ϕ ϕ= − ̅ + ̅I I c h H c H2.3 [ ( ) ]1 0 water water oil oil (5)
ε ϕ=I I c h2.32 0 water water (6)
If we neglect the diﬀerence between ϕwater and ϕoil,
42 the
intensity ratio
= − ̅ + ̅I
I
c h H c H
c h
( )1
2
water oil
water (7)
Here, cwater and coil are the dye concentrations in the water
phase and oil phase, respectively. h is the channel height
(350 μm) and H is the droplet volume divided by the base
area, which is 0.654 μm. The droplet volume is obtained from
Figure 7. Dye extraction experiment analysis. (a) Fluorescence intensity ratio (I1/I2) versu. time plot. (b) Calculated coil versus time plot. (c) coil at
dissolving balance and the extraction durations versus cwater plot, coil = (40.3 ± 13.7)cwater.
Figure 6. Illustration of dye extraction experiment. (a) Sketch of the experiment procedures and optical image of patterned surface droplets.
(b) Representative snapshots in the extraction process under ﬂuorescence microscopy at diﬀerent time evolutions (c1: 0, 20, 40, and 160 s; c3: 0, 20,
60, and 160 s). The zero point of time is set as when the value of I2 is not equal to zero anymore. Scale bar: 10 μm.
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the AFM image in Figure 3c. H is much less than the channel
height h, so
= + ̅ = + ̅I
I
c h c H
c h
c H
c h
11
2
water oil
water
oil
water (8)
= −
⎛
⎝⎜
⎞
⎠⎟c
I
I
c535 1oil
1
2
water
(9)
The calculated coil is plotted as a function of time in Figure 7b,
showing that the corresponding coil at time of 160 s increased
from about 300 to 500 ng/mL, increasing the concentrations in
water by a factor of 3. As shown in Figure 7c, the ﬁtting to eq 9
gives
= ±c c(40.3 13.7)oil water (10)
which means the concentration of dye in the droplets is about
40 times higher than in water. This result demonstrates that
simple extraction by surface nanodroplets can enrich the solute
signiﬁcantly, allowing for reliable detection of the hydrophobic
solute highly diluted in water.
The relationship between cwater and coil may be applied to
determine the presence or even the concentration of a hydro-
phobic compound in water. This result shows that surface
Figure 8. (a) Photograph of two lens arrays on a glass substrate against a blue background. There are two prepatterned areas with 3 cm × 3 cm each.
Base radius of the lens: 2.5 μm (left) and 5 μm (right). (b,c) Photos of diﬀraction patterns generated by the corresponding highly ordered nanolens
array: 2.5 μm (b) and 5 μm (c). (d,e) SEM images of the arrays of hybrid micropillars. The top of the micropillars is hydrophobic polymer (colored
in blue) and the straight pole is hydrophilic silicon. Thickness of the micropillars: 5 μm (d) and 10 μm (e).
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nanodroplets have potential in preconcentrating compounds
from diluted solution for highly sensitive analysis. The extrac-
tion process is analogous to a single droplet microextraction in
the step to concentrate the compounds prior to chemical
analysis. A potential advantage of surface nanodroplet-based
extraction is that the extracted analyte is possibly detected in
situ without requirement for further steps to separate and
collect the droplets. The detected signal here is the ﬂuorescent
intensity, which in other cases may also be molecular spectra
for the measurement by those techniques with high surface
sensitivity, such as attenuated total reﬂection infrared.
Now we brieﬂy show two potential applications of
polymerized surface nanodroplets: fabrication of highly ordered
submicrometer lens arrays and construction of hybrid micro-
structures. We have produced the lens array on a glass substrate
with two areas of lenses as shown in Figure 8a. The diﬀraction
patterns of the array were taken by projecting a beam of white
light normal to the lens array through a pinhole. The highly
regular diﬀraction patterns were observed over a large area as
shown in Figure 8b,c. Such submicrometer spherical lens arrays
are important optical systems, such as high quality display,
high resolution imaging technique, and light harvesting device.
A variety of approaches have been developed for fabrication of
microlens arrays, most notably by dewetting of thin ﬁlm.25,43−46
Polymerization of surface nanodroplets is a bottom-up approach,
where the polymerizable droplets form through nucleation and
growth. Compared to those top-down approaches, such as by
controlled dewetting of thin ﬁlm, the nanodroplet-based
approach is also simple, ﬂexible, and applicable for microlens
arrays with tailored size, curvature, or refractive index by varying
the chemical and morphology of nanodroplets. The droplet-
based approach for producing lenses will be advantageous for
nonplanar substrate where it may be challenging to prepare a
uniform precursor thin ﬁlm for controlled dewetting. The sub-
strate can be planar or nonplanar. The droplet-based approach is
diﬀerent from the self-assembled nanolenses from organic
molecules.13 Here the morphology of the precursor droplets
allows the control over the shape of lenses by surface wettability
or interfacial tension.
In construction of polymer-capped microstructures, the
surface nanodroplets were produced and polymerized on a
chemically prepatterned silicon wafer. Highly ordered micro-
pillars in Figure 8d,e are fabricated by etching the supporting
substrate vertically. The curvature of the polymeric caps can be
tuned by the shape of surface nanodroplets, and the top poly-
meric cap can be further functionalized to diﬀerent chemical or
physical properties. In our case, the microstructure is a hydro-
phobic spherical cap on the top of a hydrophilic silicon pole.
The dimensions, such as thickness, height, and spacing of
micropillars, are determined in the standard microfabrication
process. Those hybrid micropillar may be applied for con-
trolling liquid behaviors (such as nonwetting or bouncing) on
the surface.
■ CONCLUSIONS
In this work, we have achieved the formation of surface
nanodroplets over a large surface area on a planar or curved
substrate. Surface nanodroplets with the same size distribution
were produced over the surface of a homogeneous 4-in. silicon
wafer at an estimated production rate of 1 × 106 droplets per
second. It is essential to maintain constant ﬂow conditions
over the entire surface, while the local droplet size could be
conveniently tailored by the ﬂow rate. Highly ordered droplet
arrays were fabricated on a prepatterned substrate, while a large
quantity of nanodroplets can be also produced over the inner
surface of capillary microtubes in parallel. In our proof-of-
concept experiments, we have demonstrated the application of
surface nanodroplets for concentrating and in situ analyzing
hydrophobic dye from the highly diluted aqueous solution in a
very simple process. Furthermore, we show that surface nano-
droplets provide a general and simple platform for fabrication
of highly ordered microlens array and of polymer-capped
hybrid micropillars. This work paves the way for many other
surface nanodroplet-based applications.
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Ultrasmall Liquid Droplets on Solid Surfaces: Production, Imaging,
and Relevance for Current Wetting Research. Small 2009, 5, 1366−
1390.
(11) Song, Y. M.; Xie, Y.; Malyarchuk, V.; Xiao, J.; Jung, I.; Choi, K.-
J.; Liu, Z.; Park, H.; Lu, C.; Kim, R.-H.; Li, R.; Crozier, K. B.; Huang,
Y.; Rogers, J. A. Digital Cameras with Designs Inspired by the
Arthropod Eye. Nature 2013, 497, 95−99.
(12) Wang, Z.; Guo, W.; Li, L.; Luk’yanchuk, B.; Khan, A.; Liu, Z.;
Chen, Z.; Hong, M. Optical Virtual Imaging at 50 nm Lateral
Resolution with A White-light Nanoscope. Nat. Commun. 2011, 2,
218.
(13) Lee, J. Y.; Hong, B. H.; Kim, W. Y.; Min, S. K.; Kim, Y.;
Jouravlev, M. V.; Bose, R.; Kim, K. S.; Hwang, I.-C.; Kaufman, L. J.;
Wong, C. W.; Kim, P.; Kim, K. S. Near-field Focusing and
Magnification through Self-assembled Nanoscale Spherical Lenses.
Nature 2009, 460, 498−501.
(14) Hong, J.; Edel, J. B.; DeMello, A. J. Micro- and Nanofluidic
Systems for High-throughput Biological Screening. Drug Discovery
Today 2009, 14, 134−146.
(15) Shemesh, J.; Ben Arye, T.; Avesar, J.; Kang, J. H.; Fine, a.; Super,
M.; Meller, a.; Ingber, D. E.; Levenberg, S. Stationary Nanoliter
Droplet Array with A Substrate of Choice for Single Adherent/
nonadherent Cell Incubation and Analysis. Proc. Natl. Acad. Sci. U. S.
A. 2014, 111, 11293−11298.
(16) Rissin, D. M.; Kan, C. W.; Campbell, T. G.; Howes, S. C.;
Fournier, D. R.; Song, L.; Piech, T.; Patel, P. P.; Chang, L.; Rivnak, A.
J.; Ferrell, E. P.; Randall, J. D.; Provuncher, G. K.; Walt, D. R.; Duffy,
D. C. Single-molecule Enzyme-linked Immunosorbent Assay Detects
Serum Proteins at Subfemtomolar Concentrations. Nat. Biotechnol.
2010, 28, 595−599.
(17) Li, H.; Yang, Q.; Li, G.; Li, M.; Wang, S.; Song, Y. Splitting A
Droplet for Femtoliter Liquid Patterns and Single Cell Isolation. ACS
Appl. Mater. Interfaces 2015, 7, 9060−9065.
(18) Wang, L.; McCarthy, T. J. Capillary-bridge-derived Particles
with Negative Gaussian Curvature. Proc. Natl. Acad. Sci. U. S. A. 2015,
112, 2664−2669.
(19) Kuang, M.; Wang, L.; Song, Y. Controllable Printing Droplets
for High-resolution Patterns. Adv. Mater. 2014, 26, 6950−6958.
(20) Jang, J.-W.; Zheng, Z.; Lee, O.-S.; Shim, W.; Zheng, G.; Schatz,
G. C.; Mirkin, C. A. Arrays of Nanoscale Lenses for Subwavelength
Optical Lithography. Nano Lett. 2010, 10, 4399−4404.
(21) Sun, J.; Bao, B.; He, M.; Zhou, H.; Song, Y. Recent Advances in
Controlling the Depositing Morphologies of Inkjet Droplets. ACS
Appl. Mater. Interfaces 2015, 7, 28086−28099.
(22) Lin, X.; Hosseini, A.; Dou, X.; Subbaraman, H.; Chen, R. T.
Low-cost Board-to-board Optical Interconnects Using Molded
Polymer Waveguide with 45 degree Mirrors and Inkjet-printed
Micro-lenses as Proximity Vertical Coupler. Opt. Express 2013, 21,
60−69.
(23) Wang, J. X.; Wang, L. B.; Song, Y. L.; Jiang, L. Patterned
Photonic Crystals Fabricated by Inkjet Printing. J. Mater. Chem. C
2013, 1, 6048−6058.
(24) Chan, E. P.; Crosby, A. J. Fabricating Microlens Arrays by
Surface Wrinkling. Adv. Mater. 2006, 18, 3238−3242.
(25) Verma, A.; Sharma, A. Self-organized Nano-lens Arrays by
Intensified Dewetting of Electron Beam Modified Polymer Thin-films.
Soft Matter 2011, 7, 11119−11124.
(26) Kang, D.; Pang, C.; Kim, S. M.; Cho, H. S.; Um, H. S.; Choi, Y.
W.; Suh, K. Y. Shape-controllable Microlens Arrays via Direct Transfer
of Photocurable Polymer Droplets. Adv. Mater. 2012, 24, 1709−1715.
(27) Lou, S.-T.; Ouyang, Z.-Q.; Zhang, Y.; Li, X.-J.; Hu, J.; Li, M.-Q.;
Yang, F.-J. Nanobubbles on Solid Surface Imaged by Atomic Force
Microscopy. J. Vac. Sci. Technol., B: Microelectron. Process. Phenom.
2000, 18, 2573−2575.
(28) Zhang, X.; Lu, Z.; Tan, H.; Bao, L.; He, Y.; Sun, C.; Lohse, D.
Formation of Surface Nanodroplets Under Controlled Flow
Conditions. Proc. Natl. Acad. Sci. U. S. A. 2015, 112, 9253−9257.
(29) Yang, H.; Peng, S.; Hao, X.; Smith, T. A.; Qiao, G. G.; Zhang, X.
Surfactant-mediated Formation of Polymeric Microlenses from
Interfacial Microdroplets. Soft Matter 2014, 10, 957−964.
(30) Yu, H.; Lu, Z.; Lohse, D.; Zhang, X. Gravitational Effect on the
Formation of Surface Nanodroplets. Langmuir 2015, 31, 12628−
12634.
(31) Lu, Z.; Peng, S.; Zhang, X. Influence of Solution Composition
on the Formation of Surface Nanodroplets by Solvent Exchange.
Langmuir 2016, 32, 1700−1706.
(32) Bao, L.; Rezk, A. R.; Yeo, L. Y.; Zhang, X. Highly Ordered
Arrays of Femtoliter Surface Droplets. Small 2015, 11, 4850−4855.
(33) Hammond, B. R.; Stokes, R. H. Diffusion in Binary Liquid
Mixtures. Part 1.-Diffusion Coefficients in the System Ethanol + Water
at 25°. Trans. Faraday Soc. 1953, 49, 890−895.
(34) Hills, E. E.; Abraham, M. H.; Hersey, A.; Bevan, C. D. Diffusion
Coefficients in Ethanol and in Water at 298 K: Linear Free Energy
Relationships. Fluid Phase Equilib. 2011, 303, 45−55.
(35) Zhang, X.; Wang, J.; Bao, L.; Dietrich, E.; van der Veen, R. C. A.;
Peng, S.; Friend, J.; Zandvliet, H. J. W.; Yeo, L.; Lohse, D. Mixed
Mode of Dissolving Immersed Nanodroplets at A Solid-water
Interface. Soft Matter 2015, 11, 1889−1900.
(36) Beysens, D. Dew Nucleation and Growth. C. R. Phys. 2006, 7,
1082−1100.
(37) Bao, L.; Werbiuk, Z.; Lohse, D.; Zhang, X. Controlling the
Growth Modes of Femtoliter Sessile Droplets Nucleating on
Chemically Patterned Surfaces. J. Phys. Chem. Lett. 2016, 7, 1055−
1059.
(38) Jain, A.; Verma, K. K. Recent Advances in Applications of
Single-drop Microextraction: A Review. Anal. Chim. Acta 2011, 706,
37−65.
(39) Rezaee, M.; Yamini, Y.; Faraji, M. Evolution of Dispersive
Liquid-liquid Microextraction Method. J. Chromatogr. A 2010, 1217,
2342−2357.
(40) Guilbault, G. C. In Practical Fluorescence; Chen, R., Ed.; Marcel
Dekker: New York, 1973; pp 506−521.
(41) Arcoumanis, C.; McGuirk, J.; Palma, J. On the Use of
Fluorescent Dyes for Concentration Measurements in Water Flows.
Exp. Fluids 1990, 10-10, 176−180.
(42) Magde, D.; Seybold, P. G.; Wong, R. Fluorescence Quantum
Yields and Their Relation to Lifetimes of Rhodamine 6G and
Fluorescein in Nine Solvents: Improved Absolute Standards for
Quantum Yields. Photochem. Photobiol. 2002, 75, 327−334.
(43) Verma, A.; Sekhar, S.; Sachan, P.; Reddy, P. D. S.; Sharma, A.
Control of Morphologies and Length Scales in Intensified Dewetting
of Electron Beam Modified Polymer Thin Films Under A Liquid
Solvent Mixture. Macromolecules 2015, 48, 3318−3326.
(44) Verma, A.; Sharma, A. Enhanced Self-Organized Dewetting of
Ultrathin Polymer Films Under Water-Organic Solutions: Fabrication
of Sub-micrometer Spherical Lens Arrays. Adv. Mater. 2010, 22, 5306−
5309.
(45) Sachan, P.; Kulkarni, M.; Sharma, A. Hierarchical Micro/Nano
Structures by Combined Self-Organized Dewetting and Photo-
patterning of Photoresist Thin Films. Langmuir 2015, 31, 12505−
12511.
(46) Bi, X.; Li, W. Fabrication of Flexible Microlens Arrays through
Vapor-induced Dewetting on Selectively Plasma-treated Surfaces. J.
Mater. Chem. C 2015, 3, 5825−5834.
ACS Applied Materials & Interfaces Research Article
DOI: 10.1021/acsami.6b07200
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX
I
Lab on a Chip
PAPER
Cite this: Lab Chip, 2017, 17, 1496
Received 20th December 2016,
Accepted 14th March 2017
DOI: 10.1039/c6lc01555g
rsc.li/loc
Formation of surface nanodroplets facing a
structured microchannel wall†
Haitao Yu,ab Shantanu Maheshwari,b Jiuyang Zhu,c
Detlef Lohsebd and Xuehua Zhang *ab
Surface nanodroplets are important units for lab-on-a-chip devices, compartmentalised catalytic reactions,
high-resolution near-field imaging, and many others. Solvent exchange is a simple solution-based bottom-
up approach for producing surface nanodroplets by displacing a good solvent of the droplet liquid by a
poor one in a narrow channel in the laminar regime. The droplet size is controlled by the solution compo-
sition and the flow conditions during the solvent exchange. In this paper, we investigated the effects of lo-
cal microfluidic structures on the formation of surface nanodroplets. The microstructures consist of a
microgap with a well-defined geometry, embedded on the opposite microchannel wall, facing the sub-
strate where nucleation takes place. For a given channel height, the dimensionless control parameters were
the Peclet number of the flow, the ratio between the gap height and the channel height, and the aspect ra-
tio between the gap length and the channel height. We found and explained three prominent features in
the surface nanodroplet distribution at the surface opposite to the microgap: (i) enhanced volume of the
droplets; (ii) asymmetry as compared to the location of the gap in the spatial droplet distribution with in-
creasing Pe; (iii) reduced exponent of the effective scaling law of the droplet size with Pe. The droplet size
also varied with the aspect and height ratios of the microgap at a given Pe value. Our simulations of the
profile of oversaturation in the channel reveal that the droplet size distribution may be attributed to the lo-
cal flow patterns induced by the gap. Finally, in a tapered microchannel, a gradient of surface nanodroplet
size was obtained. Our work shows the potential for controlling nanodroplet size and spatial organization
on a homogeneous surface in a bottom-up approach by simple microfluidic structures.
1 Introduction
Microscopic droplets are basic units in microfluidic devices,
compartmentalized cascade reactions, separation, biomedical
diagnostics, and material synthesis.1–4 The droplet-based pro-
cesses provide opportunities for optimising chemical synthe-
sis and analysis without the enormous labour and cost from
screening huge combinatorial libraries.5–8 Significant research
efforts have been devoted to producing spatially organised
stationary droplets with volumes of femtoliters. The current
techniques for producing submicron droplets are mainly
based on top-down approaches by dividing a small volume of
droplets from the bulk liquid, for example, via parallel deposi-
tion by microfluidic robots,9 trapping droplets by micro-
cavities, direct adsorption from emulsion droplets,10 by split-
ting a mother drop on nanopatterns on the surface,11 or
dewetting a thin film on a patterned substrate.12 These top-
down approaches demand sophisticated nanofabrication or
processing techniques to produce even a small quantity of
surface nanodroplets and become more difficult for smaller
droplets, due to the increasing relevance of capillarity.
A simple alternative approach to produce nanodroplets in
the bulk is through the so-called ‘ouzo effect’.13 When the
Greek liquor ouzo, consisting of ethanol, water and anise oil,
is diluted with water, the anise oil becomes oversaturated
and consequently nucleates nanodroplets, giving rise to the
milky appearance of the drink. The ouzo effect has been
widely applied to produce uniform droplet dispersions with-
out using any surfactants, stabilizers or mechanical agita-
tion14 or to produce highly homogeneous polymeric nano-
particles as pharmaceutical products where the approach is
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often referred to as ‘nano-precipitation’ or ‘solvent
shifting’.15–17 When this process is performed in a micro-
channel with a hydrophobic substrate, the nanodroplets or
gas bubbles nucleate on the surface.18–20 In particular, the
process, in which oil in ethanol solution is displaced by water
in a flow confined in a microchannel, is called solvent ex-
change. Very recently, the solvent exchange has been devel-
oped into a highly reproducible approach to produce oil
nanodroplets at solid–water interfaces.19,21 As a bottom-up
approach for nanodroplet production, solvent exchange is
simple, flexible and scalable.21
The formation and organisation of nanodroplets by sol-
vent exchange in a uniform flow geometry has in principle
been theoretically understood,21–23 although a full quantita-
tive understanding is still missing. Essentially, a pulse of oil
oversaturation is created at the mixing front of ethanol solu-
tion and water, leading to the formation of oil nanodroplets
on the substrate. In a steady laminar flow, the droplet volume
per unit surface area scales with the Peclet number Pe of the
flow as hc
3Pe3/4, where hc is the channel height.
21 The orienta-
tion of the channel with respect to gravity also matters.22 The
size and arrangement of surface prepatterns restrict the base
diameter and the location of the nanodroplets.23,24 The sol-
vent exchange process is applicable to a wide range of droplet
liquids including water, oils, or polymerisable monomers.
The effects from the solution composition on the droplet size
can be understood based on the phase diagram of the ternary
system of the solvents.25
A key remaining question on nanodroplet formation with
respect to applications is how to control the droplet size and
distribution on a homogenous surface without prepatterning
this surface. Here, we propose an approach for positioning
and arranging nanodroplets on a homogeneous substrate by
local microfluidic structures on the opposite channel wall, fac-
ing the substrate. Our proposed approach is based on the cor-
relation between the droplet size and the local flow condi-
tions that create the oversaturation to feed growing droplets.
More specifically, we will embed a microgap on the opposite
microchannel wall in order to vary the local channel height
and hence mediate local mixing conditions for the droplet
formation. Our experimental results show that both the loca-
tion and the size of nanodroplets are responsive to the pres-
ence of the microgap on the opposite microchannel wall. Our
simulations reveal that the droplet size distribution may be
attributed to the local flow conditions induced by the gap.
The understanding from this study will be valuable for the
design of solvent exchange processes to control the size and
spatial distribution of nanodroplets on non-patterned sub-
strates. It is important to point out that droplets of aqueous
solution can also be produced by solvent exchange, namely,
when a water-insoluble organic solvent is used for the second
solution.25 For applications, it would be interesting to accom-
modate biomolecules or cells in such nucleating and growing
aqueous droplets. To achieve this, we speculate that it may
be possible to add small biomolecules in biocompatible sol-
vents (such as food oils) during the solvent exchange process.
Furthermore, by using pre-patterned substrates, ordered ar-
rays of such droplets may be employed for high throughput
analyses.
2 Experimental and simulation section
2.1 Chemicals and substrates
The employed droplet liquid was a mixture of a poly-
merisable monomer, 1,6-hexanediol diacrylate (HDODA)
(80%, Sigma-Aldrich), and a photoinitiator, 2-hydroxy-2-
methylpropiophenone (97%, Sigma-Aldrich). A stock solution
was prepared by mixing these two liquids in a 10 : 1 volume
ratio. Then, 4 mL of this stock solution was dissolved in 100
mL of 50 vol% ethanol aqueous solution to prepare the first
solution (A) for solvent exchange. The second solution (B)
was HDODA-saturated water.
Glass wafers (University Wafer Inc., Boston, MA) coated
with a monolayer of octadecyltrichlorosilane (OTS-glass) were
prepared by following the protocol reported in our previous
work.19 Before use, the substrate was cleaned using a CO2
snow gun (30 Gunjet Spraying Systems Co., Wheaton, IL,
USA) to remove any physically adsorbed aggregates on the
surface.22
2.2 Solvent exchange and droplet characterisation
During the solvent exchange process, solution A first filled
the fluidic microchannel and then was displaced by solution
B at a flow rate controlled by using a syringe pump. After sol-
vent exchange, the fluid cell was placed under a UV lamp
(365 nm, 20 W) for 15 minutes to photopolymerize the nano-
droplets. Finally, the substrate was rinsed with ethanol and
dried in a gentle stream of nitrogen.
The size of the polymerised nanodroplets was character-
ized by reflection mode optical microscopy (Huvitz HRM-300)
and imaged by atomic force microscopy (AFM, Dimension
Icon-Bruker). The atomic force microscopy images of the
polymerised droplets show that the ratio between the droplet
height and the lateral diameter is approximately 0.023, corre-
sponding to a contact angle around 5 degrees (Fig. S1†). With
this contact angle, we obtained the droplet volume per unit
surface area, v, from the droplet lateral diameter in optical
images.
2.3 Flow conditions and microgap geometry
The proposed setup is shown in the schematic drawing in
Fig. 1. The key feature of the rectangular flow channel lies in
the well-defined microgap on the top plate. The gap is
aligned perpendicularly to the primary flow direction.
The sideward width w of the channel was 15 mm in all ex-
periments. A microgap structure on the top plate of the chan-
nel was fabricated by a photolithography technique using a
photoresistor (SU8 2025, MicroChem Corp., Westborough,
USA). The geometry of the microgap was measured using a
stylus profilometer (Dektak XT, Bruker). The hydrophobic
substrate was placed on the bottom plate, opposite to the
Lab on a Chip Paper
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microgap structure. The control parameters of the flow and
the channel geometry are listed in Table 1. For a given chan-
nel height hc, in dimensionless form, these are the Peclet
number Pe, the aspect ratio Γ = lg/hc and the height ratio r =
hg/hc, where lg is the length of the gap, and hg is its depth, as
shown in Fig. 1. In all of our experiments, the flow was in a
laminar regime, i.e. Re = U
_
h/v = Q/(wv) < 1, where U
_
is the
mean flow velocity. The channel was placed vertically during
the solvent exchange process to avoid gravitational effects.22
In the tapered channel with a smooth inclined top plate, the
distance between the top plate surface and the substrate var-
ied from hg = 280 μm to 70 μm.
2.4 Control parameters for the droplet formation process
The local channel height increases because of the opposing
gap in the microchannel. This geometry modification will
change the local flow conditions for the droplet formation
process on the opposite wall. The dimensional flow parame-
ters relevant to the exchange process and thus affecting the
resulting droplet volume per unit surface area v = Vdrop/A are
Q, hc, hg, lg, v, and D, i.e.,
v = f (Q, hc, hg, lg, v, D), (1)
In our system, viscosity v = 10−6 m2 s−1 and diffusivity D ≈
1.0 × 10−9 m2 s−1.26,27 According to Buckingham's π theorem,
eqn (1) above can be nondimensionalized as
(2)
We keep hc = 130 μm and the Schmidt number Sc = v/D at
∼1000 fixed in all experiments. For a given flow geometry,
the flow rate (i.e. Pe) will be varied, and for a given external
flow rate, the length (i.e. Γ) and the height (i.e. r) of the gap
will be varied independently.
2.5 Comsol simulations
Simulations were performed using Comsol Multiphysics
(COMSOL AB, Stockholm, Sweden) for various channel geom-
etries and at various flow rates to mimic the solvent exchange
process in a microchannel. The time dependent diffusion
equation coupled with the velocity field was solved to obtain
the evolution of the oil concentration field with space & time.
The velocity field was calculated using the Navier–Stokes
equation with no-slip boundary conditions at the top and
bottom walls, laminar inflow with an appropriate velocity
according to the volumetric flow rate at the entrance and zero
pressure at the outlet. For the time dependent diffusion
equation, we have used no-flux boundary conditions at the
top and bottom walls and inflow with zero concentration at
the entrance and outflow (−n·D∇c = 0) at the outlet, where −n
is the normal vector pointing inwards, D is the diffusivity
and c is the concentration of oil. To depict the oversaturation
pulse during the solvent exchange process, at time t = 0 a
narrow region (10 μm thick) at the start of the channel was
initialised with a uniform concentration of oil, which is then
convected and diffused simultaneously in the microchannel.
Simulations were performed for exactly the same flow condi-
tions (Pe) and channel geometry (Γ, r) as used for experi-
ments which are also described in Table 1.
Note that the results from this model calculation of an
advected (with velocity U, corresponding to the Peclet num-
ber Pe) blob of a passive scalar being smeared out during the
advection process are consistent with the approach employed
in ref. 21. In that reference, we had argued that the droplet
volume scales with
R∞
−∞ζ (t)dt ≈ ζmaxτ, where ζ = c∞/c0 − 1 is
the (local) oversaturation of the oil, c∞ is the oil concentra-
tion far away from the drop, c0 is the saturation concentra-
tion, ζmax is the maximal oversaturation, and τ is the duration
of the oversaturation pulse. In ref. 21, it was assumed that
ζmax and τ are independent of the flow velocity (and thus the
Peclet number), as there is always new mixing between the
two solutions at their interface. In the present setup of our
simulations, both ζmax and τ depend on Pe according to the
Taylor–Aris dispersion scenario,28–31 namely, ζmax ∼ Pe1/2 and
τ ∼ Pe−1/2, reflecting that at a fixed position downstream for
large advection velocity the blob of oversaturation will be
smeared out less as less time has passed. However, the cru-
cial point is that for the droplet volume only the product of τ
Fig. 1 A schematic of the solvent exchange under the gapped
microchannel structure with the notations of the geometrical
parameters. w is the lateral channel width, hc is the channel height, hg
is the gap height, and lg is the length of the gap.
Table 1 Flow conditions and geometrical parameters of the microgap
during the solvent exchange process. Here, Q is the flow rate, hc is the
channel height, hg is the gap height and lg is the length of the gap. Pe is
the Peclet number. Γ = lg/hc and r = hg/hc are the aspect and height
ratios, respectively
No. Q (μL min−1) hc (μm) hg (μm) lg (μm) Pe Γ r
1 50 130 210 1000 55.5 7.7 1.6
1 100 130 210 1000 111 7.7 1.6
3 200 130 210 1000 222 7.7 1.6
4 400 130 210 1000 444 7.7 1.6
5 50 130 210 100 55.5 0.77 1.6
6 50 130 210 200 55.5 1.5 1.6
7 50 130 210 500 55.5 3.8 1.6
8 50 130 130 500 55.5 3.8 1.0
9 50 130 350 500 55.5 3.8 2.7
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and ζmax enters, i.e.
R∞
−∞ζ (t)dt ≈ ζmaxτ ∼ Pe1/2·Pe−1/2 ∼ 1, which
is independent of Pe, thus giving the same results as in ref. 21.
3 Results and discussion
3.1 Effects of flow rate on Pe
The geometry of the gap on the microfluidic channel was
first fixed, while the flow rate of the solvent exchange was
varied from Q1 at 50 μL min
−1 to Q4 at 400 μL min
−1. Fig. 2
shows the droplets formed across the surface of the opposing
wall. The base radius of the droplets on a series of sequential
stripe zones is analysed, based on which the
nondimensionalized volume v/hc is calculated. In Fig. 3a, it is
shown as a function of the droplet position along the flow di-
rection. The curves are pulse-shaped, meaning that v/hc first
increases to a maximum and then drops back to the baseline.
At the slowest flow rate Q1 = 50 μL min
−1, the droplets are
larger in the area of the microgap projection and immedi-
ately become smaller outside the projected zone. The zone of
the large droplets matches the location and the length of the
microgap nicely. However, there is a shift in the position of
the larger droplets with increasing Pe. As the flow rate in-
creases to 100 μL min−1 and above, the zone of the larger
droplets is stretched in a downflow direction. At the fastest
flow rate Q4 = 400 μL min
−1, the extension of the v/hc pulse is
about twice as long as the microgap length. Meanwhile, the
location of the largest droplets shifts to the end or even out-
side of the projected area from the microgap. The shift in the
position of the largest droplets at higher flow rates is also
reflected in the plots of the droplet mean radius and number
density, see Fig. 3c and d. The reduced number density is
due to the coalescence between neighbouring droplets.
Fig. 3b shows the double logarithmic plot of the maxi-
mum droplet volume vmax as a function of Pe. Overall, the
droplets are larger at higher flow rates, consistent with the ef-
fects of the flow rate on droplet formation in a uniform flow
channel.21 However, the fitting of the data shows that the
maximal droplet volume increases with the Pe number at a
power of 0.41, noticeably smaller than the power law of 3/4
for a homogenous flow channel in ref. 21.
To better understand the local flow conditions imposed by
the microgap, we performed Comsol simulations on the pro-
file of an oil oversaturation pulse in the channel, as described
in the experimental and simulation sections. The simulation
results are provided in Movies S1–S4,† and the representative
snapshots at different Q values are shown in Fig. 4. As the
pulse of high oil concentration is sent through the micro-
channel at small Pe = 55.5, it passes the microgap smoothly
with a nearly symmetric shape. At a larger Pe > 55.5, the local
flow is disturbed by the microgap to a larger extent. An oil-
rich domain is left under the gap, the area of which gradually
increases with an increase in Pe from 55.5 to 444. This oil-
rich domain will contribute to the larger droplet size.
We now explain the three features observed in the experi-
ments: (i) enhanced volume of drops; (ii) asymmetry with in-
creasing Pe; (iii) reduced slope for vmax ∼ Pe0.41.
Fig. 2 Optical images of surface droplets formed at different flow rates: Q1 = 50 μL min
−1 (Pe = 55.5), Q2 = 100 μL min
−1 (Pe = 111), Q3 = 200 μL
min−1 (Pe = 222) and Q4 = 400 μL min
−1 (Pe = 444). The aspect ratio Γ = 7.7, the height ratio r = 1.6 and lg = 1 mm in the experiments. The black
dashed line shows the location of the microgap. Flow direction: left to right. Length of the scale bar: 200 μm.
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Fig. 3 Spatial droplet size distribution at different Pe values. The data points are from the analysis of the images in Fig. 2, binned with a width of
Δx = 200 μm. The blue shaded area illustrates the gap location. (a) (Dimensionless) droplet volume density v/hc as a function of the droplet
position. (b) Double logarithm plots of vmax/hc and vc/hc as a function of Pe. (c and d) Plots of the (dimensionless) radius R/hc and the number
density per unit surface area (mm2) as a function of the droplet position.
Fig. 4 Comsol simulations for the profile of the pulse of oil oversaturation at different Pe values: (a) Pe = 55.5, (b) Pe = 111, (c) Pe = 222, and (d)
Pe = 444. The aspect ratio (Γ = 7.7) and height ratio (r = 1.6) are constant in all four cases. Flow direction: left to right. The arrow in (d) shows the
oil-rich domain left under the gap at large Pe.
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In (i), the enhanced droplet volume in the gap is explained
along the ideas of ref. 21, where as stated already above we
argued that the droplet volume scales with
R∞
−∞ζ (t)dt ≈ ζmaxτ
∼ ζmaxh2/D. Here, the channel widens, hg > hc. At the gap,
more bulk volume and thus more oil (created at the moving
front of water) become available, leading to a larger nucle-
ated droplet volume. A wider channel automatically means
more time τ ∼ h2/D for the droplets to grow till completion of
solvent exchange, consequently leading to a larger droplet size.
In (ii), the asymmetry of the droplet size distribution is
rationalised according to the simulation results of the oil
concentration in the gap. The symmetrical flow at low Pe
contributes to the symmetrical droplet distribution with the
maximum droplet size in the middle of the projected region.
The oil-rich domain stranded in the gap at large Pe may pro-
vide more oil for the droplets not only just opposite to the
gap but also behind the gap in a quite long distance.
In (iii), the reduced slope for vmax ∼ Pe0.41 as compared to
v ∝ Pe3/4 is presumably due to the interplay between (i) and
(ii). The scaling of v ∝ Pe3/4 only holds when the flow is fully
developed. The pulse shape of the droplet size distribution
for the gap cases suggests that the flow development requires
Fig. 5 Effect of the aspect ratio on the droplet size distribution. In the experiments, Pe = 55.5 and r = 1.6. (a) Optical images of droplets at
different aspect ratios, Γ = lg/hc. The positions of the opposing microgaps are indicated by the black dashed lines. (b) Plot of v/hc as a function of
the droplet position for Γ = 3.8 (blue) and for Γ = 7.7 (red). The binning width Δx is 100 μm and 200 μm, respectively. (c) Plot of vmax/hc as a
function of Γ. The data points in different colours correspond to the same coloured images in (a). Blue dashed line: vc/hc. The red data point is the
same sample as the red coloured image in Fig. 2. (d and e) Results from the Comsol simulations for oil concentration pulses at different Γ values.
The colour code reflects the concentration profile.
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a certain distance, in response to the change in the channel
geometry, i.e. a kind of Pe-dependent ‘memory’ effect from
the narrow channel before the gap opens. The coupled effects
from the gap and the prior channel lead to a smaller increase
in Pe for the maximal droplet size under the gap.
3.2 Effects of the aspect ratio and the height ratio of the
microgap
We now examine the influence of the microgap aspect ratio Γ
and the height ratio r at a given Pe. In the case of a uniform
channel, the dependence of the droplet size on the channel
height is
v/hc ∼ (ζmaxτ)3/2 ≈ (ζmaxhg2/D)3/2 ∼ r3 (3)
Here, the maximal oversaturation ζmax is constant and
given by the solution composition.21
The aspect ratio Γwas first varied from 0.77 to 7.7 by increas-
ing lg from 100 μm to 1000 μm, while other parameters
remained constant (Pe = 55.5 and r = 1.6). The optical im-
ages of the surface droplets under the microgaps are shown
in Fig. 5a. At Γ = 0.77, no change in droplet size was ob-
served. At a larger Γ, larger surface droplets formed under
the gap. The quantitative analysis shows that the droplet
distribution under the gap is symmetric, consistent with the re-
sults from low Pe. The position of the larger droplets matches
the location and length of the microgap as shown in Fig. 5b.
The maximal droplet volume vmax/hc becomes larger with
increasing Γ. The results suggest that the shortest microgap
of 100 μm in length has not altered the local flow enough
to have observable effects on the droplet formation on the
opposing wall. As the gap is extended, the flow has devel-
oped more in the microgap and produced much larger
droplets in the middle of the projected area. The effect
from the gap aspect ratio is consistent with the ‘memory’
effect discussed in the last section. Interestingly, for the
longest gap, lc = 1000 μm, the maximal droplet volume is
about 7 times of that at hc. Such a huge increase in the
droplet volume is even larger than that expected from the
same height increase in a uniform channel. For the latter,
a 1.6 times larger channel height leads to only an ∼4 times
(1.63) increase in droplet volume, according to eqn (3). Over-
shooting in the droplet size may result from the flow pat-
terns in the long microgap.
The oversaturation pulse at different Γ values is visualised
in the simulation results shown in Fig. 5d and e and 4a. The
corresponding movies are provided as Movies S1, S5 and S6.†
At a small Γ = 1.5, there is almost no change in the oil con-
centration profile along the substrate surface. At Γ = 3.8, the
oil concentration profile on the surface is affected by the
presence of the microgap, consistent with the larger droplets
observed in the experiments.
On the other hand, the height ratio r also has an influence
on the flow development in the microgap. Fig. 6a shows three
representative optical images of surface droplets at different r
values, while Γ is constant at 3.8 and Pe = 55.5. Clearly, the
droplets are larger under a deeper gap. The plot of v/hc as a
function of r in Fig. 6b shows a sharp increase in v/hc with an
increase in r. We fit the two data points at small r, namely, at
r = 1 and at r = 1.6, with eqn (3), and obtain v/hc = 7.1 ×
10−5r3, as also shown in Fig. 6b. From this fitting, the pre-
dicted value for v/hc at r = 2.7 is 12, higher than the value v/hc
= 9 observed in the experiment, which again suggests a mem-
ory effect for the flow in the microgap. The corresponding
simulation at r = 2.7 (Fig. 6c and Movie S7†) shows that the
Fig. 6 Effect of the height ratio on the droplet size distribution. In the
experiments, Pe = 55.5 and Γ = 3.8. (a) Optical images of droplets at
different height ratios, r = hg/hc = 1, 1.6, and 2.7. Black dashed line:
gap location. (b) Plot of v/hc versus r. The red curve is the cubic eqn (3)
through the first two points, and (0,0), giving v/hc = 7.1 × 10
−5r3. The
blue dashed line represents the (dimensionless) droplet volume vc/hc
in the undisturbed channel. (c) Snapshot of oil concentration
simulation with r = 2.7.
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oil oversaturation in the microgap has not contributed fully
to the droplet growth.
3.3 Beyond simple gap geometry
Here, we briefly introduced one more flow geometry: a ta-
pered microchannel. A schematic side view of a tapered chan-
nel is shown in Fig. 7a. Here, the channel height linearly re-
duces from hc = 280 μm to 70 μm, corresponding to a spatial
dependent height ratio rĲx) = hĲx)/hc. rĲx) decreases from 1 (at
x1) to 0.25 (at x4) and we also measure at two locations x2
and x3 in between, see the optical images in Fig. 7b. The
quantitative analysis of the droplet size distribution in the
plot shows that v/hc gradually decreases with decreasing rĲx).
Specifically, v/hc decreases from 1.8 × 10
−4 at x1 (full gap
height) to 6.7 × 10−5 at x4 (h4 = hc/4 gap height).
According to the relation of droplet size and height ratio
in eqn (3), we obtain v/hc = 1.8 × 10
−4ĲrĲx))3, based on the data
point of v/hc at x1. The plot shows that the experimental data
of v/hc at x2 to x4 are all larger than 1.8 × 10
−4ĲrĲx))3. The re-
sults suggest that as the flow is squeezed continuously, there
is a lag in the response of the droplet size to the reduced
channel height. The results demonstrate the memory effect
on the droplet formation in the tapered channel. The simula-
tions in Fig. 7d and Movie S8† show the evolution of the
pulse of oil concentration in the tapered channel. The sym-
metric profile is gradually compressed, resulting in a gradu-
ally reduced droplet size.
4 Conclusions
In summary, a microgap on the microchannel wall perpen-
dicular to the flow direction leads to a systematic change in
the size and distribution of surface nanodroplets produced
by the solvent exchange process. For a fixed gap geometry,
the three features are an enhanced volume of the drops, in-
creasing asymmetry in the droplet distribution with increas-
ing Pe, and a reduced slope as compared to vc/hc ∼ Pe3/4 for
the uniform channel case. For a given Pe, the size and distri-
bution of the droplets are influenced by the aspect and
height ratios of the gap. In a tapered microchannel, a contin-
uous gradient of surface nanodroplet size is created on the
homogeneous substrate. The results from simulations reveal
the change in the local flow profile of the oversaturation
pulse in response to channel microstructures, which help ex-
plain the experimental results.
The way in which surface nanodroplet patterning intro-
duced in this work is achieved has circumvented the require-
ment of prepatterning the substrate surface, which not only
simplifies the fabrication process but also provides flexibility
Fig. 7 Droplet formation in a tapered channel. (a) Sketch of the microchannel with an inclined top plate. (b) Optical images of surface droplets at
four locations with the height ratio rĲx) = hĲx)/hc from 1 to 0.25. (c) Plot of v/hc as a function of rĲx). The blue curve is v/hc = 1.8 × 10
−4ĲrĲx))3,
calculated to go through v/hc at r1 = 1. (d) Simulation of the oil concentration profile in the tapered channel. The concentration profile passing
through the tapered channel is shown. In the experiments and simulation, Pe = 55.5 and hc = 280 μm.
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in the substrate selection. This finding will guide the design
of the local flow conditions for solvent exchange to control
surface nanodroplet positioning and spatial distribution in
microfluidic channel devices.
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Growth of nanodroplets on a still microfiber
under flow conditions†
Haitao Yu,ab Maaike Rump,b Shantanu Maheshwari,b Lei Bao a and
Xuehua Zhang *ac
Surface droplets in the microscale are of great interest for their relevance in broad droplet-based
technologies. Derived from the Ouzo eﬀect, the solvent exchange process is a simple bottom-up
approach to produce surface nano-/micro-droplets by the nucleation and growth mechanism. The oil
oversaturation pulse is created as a good solvent (ethanol) for the oil displaced by a poor solvent (water) in
the flow cell. In this work, we investigated the formation of surface droplets on a one-dimensional
substrate (a single hydrophobic fiber with a diameter of 10 mm) in a flow. The droplet growth on the
microfiber is enhanced as the fiber is perpendicular to the external flow direction, due to the coupled
eﬀects between the droplet formation and the local flow. On the other hand, the droplet growth exhibits
diﬀerent growth dynamics when the fiber is placed parallel to the external flow direction. The general
trend that surface droplets grow faster on a fiber at higher flow rates is consistent with the situation on
planar substrates. The coupled interactions between the growing droplets and the local flow conditions
during the solvent exchange process were further revealed in the simulations. The findings from this work
will be valuable for the design and utilization of the solvent exchange process to produce surface
nanodroplets on a microfiber under flow conditions and thus broaden the droplet-based application fields.
1 Introduction
Droplets hanging on a fiber are often seen in nature, for example,
morning dew on spider webs or raindrops on the needle leaves of a
pine tree. This common phenomenon is important for many
advanced technologies. In the method of single-drop microextrac-
tion, the drop on the fiber is in contact with the solution and
extracts and separates the analyte for highly sensitive chemical
analysis.1,2 A nematic microdroplet on fibers can act as a micro-
sensor to reveal the chirality of fibers.3 Inspired by the amazing
symmetrical patterns of water drops on spider webs, Jiang et al.
discovered the importance of the structural features of microfibers
for droplet transport along the fiber and fabricated biomimetic
materials for water collection with exceptional performance.4–6
Droplets on nanofibers exhibit fascinating wetting properties
and self-propelled motion, which is desirable for enhanced
heating transfer.4,7 In an immiscible liquid medium, droplets
on a fiber play an important role in filtration, microextraction,
separation and sensing,3,8–10 as well as in many oil-related
applications where fibers are used as oil sorbents, coalescers,
filters and separators.8,11
Intensive research interest has been drawn to understanding
the formation of droplets on microfibers during condensation.
It is known that the droplet-on-fiber configuration includes
two diﬀerent geometries: an axisymmetric barrel shape or an
asymmetric clam-shell shape. For uniform surface wettability
and a constant fiber cross-sectional diameter, the clam-shell
shape is preferred energetically when the droplet volume is
small. The axisymmetric barrel shape will be more and more
energetically favorable as the droplet becomes large enough.12–14
According to classic heterogeneous nucleation theory, droplets
nucleate and grow on a substrate in an oversaturated environ-
ment. At the initial state when the size of droplets is very small,
they grow as individual droplets on either one-dimensional
(fiber) or two-dimensional (planar) substrates without the con-
finement effect from the substrates. As the droplets become
larger, the growth dynamic of the droplets is related to the
dimension of the substrate because of the difference in droplet
coalescence. The time dependence of the mean droplet diameter
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D follows the scaling law: D B ta, with a growth exponent
a = 1/(Dd  Ds).15,16 Here, Dd and Ds represent the dimension
of the surface droplet and substrate, respectively. The dimension
of the substrate is defined as Dd = 1 for fibers and Dd = 2 for
planar substrates, with the corresponding exponents of a1D = 1/2
and a2D = 1.
A simple process for droplet formation at solid–liquid
interfaces is solvent exchange, where a solution of a droplet
liquid is displaced by the flow of a poor solvent.17–19 A transient
oversaturation of the droplet liquid is created at the mixing
front, leading to the nucleation and growth of the droplets on
channel walls. The size of droplets on the wall is determined by
the flow conditions, channel geometry, solution composition
and surface properties.17,20–23 The size of droplets on a homo-
genous substrate increases with the Peclet number of the flow
with a power of 3/4.20,23 The duration of the droplet growth
is related to the flow rate, BPe1/2. The as-produced droplets
are usually sub-femtoliter in volume, and less than 1 mm in
height, and therefore, they are generally referred to as ‘surface
nanodroplets’.
What remains largely unexplored is nanodroplet formation
on a fiber by the solvent exchange method. Apart from the
features of droplet growth on a 1D substrate, the new aspects
are: how the droplet formation depends on the positioning and
orientation of the fiber relevant to the flow, whether the
formation of the droplets from the liquid–liquid phase separa-
tion at the mixing front influences the local flow transport, and
how stable the droplets are on the fibers in the flow. It is
essential to address these aspects for the controlled formation
of nanodroplets on fibers by simple solvent exchange.
In this work, the nucleation and growth of oil droplets on a
microfiber by solvent exchange and the eﬀects of nanodroplet
formation on the local flow are experimentally and theoretically
investigated. The diameter of the microfibers was 10 mm, and
they were placed in the flow channel at diﬀerent locations. We
observed a strong dependence of droplet size on the fiber position.
Meanwhile, growing droplets on the microfiber increases the
complexity of the local solution mixing. The coupled interactions
between the growing droplets and the external flow are revealed by
the simulations. The understanding of nanodroplets on micro-
fibers from this work can provide new opportunities for a range
of technologies based on droplets, such as microextraction in
chemical analysis and the fabrication of beads-on-thread struc-
tures by using droplets as templates.
2 Experimental methods
2.1 Chemicals and hydrophobic microfiber
A stock solution was prepared by mixing the monomer
(1,6-hexanediol diacrylate, HDODA) and a photo initiator
(2-hydroxy-2-methylpropiophenone, HMPP) in a volume ratio
of 10 : 1. Solution A was prepared by dissolving 2 mL of stock
solution into 100 mL of a 50 vol% ethanol aqueous solution.
Solution B was water saturated with HDODA. The hydrophobic
fiber used in the experiments was a glass fiber with a diameter
of 10 mm. The surface of the glass fiber was hydrophobilized
with octadecyltrichlorosilane (OTS). To treat the surface, the
glass fibers were first cleaned in piranha solution (70 vol%
H2SO4:30 vol% H2O2) at 75 1C for 30 min. Then, the fibers were
washed with water and fully dried at 120 1C for 2 h. It was
important to minimize the exposure of OTS to water because
moisture causes undesirable polymerization and large hetero-
geneity of the surface. In the next step, the cleaned and dried
glass fibers were soaked in 0.5 vol% OTS in hexane solution in a
sealed dry container for 4 h at room temperature. Finally, the
OTS coated glass fibers were sonicated in organic solvents,
following the sequence of hexane, acetone, isopropanol (IPA)
and ethanol for 15 min each. All chemicals used in the experi-
ments were purchased from Sigma-Aldrich.
2.2 Droplet formation by solvent exchange
A schematic drawing of the experimental setup is shown in
Fig. 1a. The hydrophobic microfiber was placed inside a fluid
chamber with a distance of hf from the bottom wall. In a top-
view sketch (Fig. 1b), the microfiber is across (perpendicular to)
the external flow direction from left to right, as shown by the
blue arrow. The total height of the chamber hc was 2.6 mm, the
Fig. 1 (a) Schematic drawing of the solvent exchange process to produce surface droplets on a hydrophobilized fiber. The droplets were observed
through the top glass window. hc and hf are the height of the channel and fiber, respectively. hc = 2.6 mm. w is the width of the channel. (b) A top-view
sketch of the experimental setup with an external flow direction from left to right. The glass fiber is placed perpendicular to the flow direction.
Paper PCCP
Pu
bl
ish
ed
 o
n 
18
 Ju
ne
 2
01
8.
 D
ow
nl
oa
de
d 
by
 R
M
IT
 U
ni
ve
rs
ity
 L
ib
ra
ry
 o
n 
7/
12
/2
01
8 
7:
16
:4
0 
A
M
. 
View Article Online
18254 | Phys. Chem. Chem. Phys., 2018, 20, 18252--18261 This journal is© the Owner Societies 2018
width was 15mmand the length was 50mm in all the experiments.
To investigate the position eﬀect on droplet growth, the fiber
position hf was shifted to diﬀerent heights with hf/hc = 0.25 and
hf/hc = 0.75. For comparison, the orientation of the fiber was also
rotated 901 to be parallel to the flow direction.
During the solvent exchange process, the flow cell was first
filled with solution A and then exchanged by a flow of solution
B. The flow rate was controlled by the syringe pump. The Peclet
number of Pe = Uh/Dc and the Reynolds number Re = Uh/n
are used to show the external flow condition. Here, Dc means
the diﬀusivity (Dc E 1.0  109 m2 s1) and n is the viscosity
(n = 106 m2 s1).24,25 All the external flow conditions in this
work are in the laminar region (Re o 1), as listed in Table 1.
2.3 Imaging analysis of growing droplets
The process of droplet growth was recorded with a camera
through reflection mode optical microscopy (Huvitz HRM-300).
The mean diameter D of droplets on the fiber over time was
extracted from the experimental results with Matlab software,
following the process in Fig. 2a. First, all the droplets on the left
side of the fiber were identified. Then, we applied a circle
fit through each detected droplet and the diameter of each
droplet, which was defined as the distance between the inter-
sections of the fitted circle and the microfiber. The same
procedures were further repeated for the droplets on the right
side of the fiber and thus we obtained the mean diameter as the
intersection of points between the fitted circles and the surface
of the fiber. The analysis program completes these procedures
for every frame. Unfortunately, there are twomain issues existing
during the analysis process. First, the clouds of surrounding oil
droplets in flow, especially the clouds in a layer at small Pe,
severely shield the process of droplet growth on the microfiber.
Second, we cannot record the droplet growth on the microfiber
until the final state because droplets in the bulk above the
microfiber location dramatically reduce the light intensity in
the latter part of the solvent exchange process.
2.4 Characterization of droplet morphology
At the end of solvent exchange, surface nanodroplets on the
microfiber were polymerized under a UV lamp (365 nm, 20 W)
for 15 min. The geometry of droplets on the microfiber was
characterized by confocal microscopy. A representative three-
dimensional image is demonstrated in Fig. 2b, illustrating that
the droplets on the microfiber are in a clam-shell shape.12,14
According to one representative droplet on the fiber with the
lateral diameter Dd of 13.3 mm and the height H of 4.3 mm, the
ratio of H to Dd was calculated to equal 0.32.
2.5 Comsol simulations
Simulations were performed to reveal the flow around the fiber by
using Comsol Multiphysics (COMSOL AB, Stockholm, Sweden),
following the protocol reported in ref. 23. For the flow with Pe and
Re values the same as those in the experiments, the velocity profile
was calculated by solving the Navier–Stokes equation with the
no-slip boundary condition at the fiber surface but with a slip
boundary at the surface of the oil droplets. The oil concentration
field with space and time was solved based on the time dependent
diffusion equation, coupled with the velocity profile.
3 Results and discussion
3.1 Nucleation and growth of droplets on the microfiber
Representative snapshots of droplet growth on the fiber perpendi-
cular to the flow direction with Pe = 444 and Re = 0.16 are illustrated
Table 1 Flow conditions and positions of the microfiber during the
solvent exchange. Here, Q is the flow rate, Pe is the Peclet number, Re
is the Reynolds number, hf is the fiber position in the channel, and hc, the
channel height
No. Q (mL min1) Pe Re hf (mm) hc (mm) hf/hc
1 50 55.5 0.02 1.3 2.6 0.5
2 100 111 0.04 1.3 2.6 0.5
3 200 222 0.08 1.3 2.6 0.5
4 400 444 0.17 1.3 2.6 0.5
5 50 111 0.04 0.65 2.6 0.25
6 50 111 0.04 1.95 2.6 0.75
Fig. 2 (a) Imaging analysis process by using Matlab software: 1. Image
contrast enhancement and binarization; 2. edge detection; 3. surface
droplet detection; 4. circle fit through all detected droplets. The mean
diameter of droplets was obtained as the intersection of points between
the fitted circles and the surface of the fiber. (b) Confocal microscopy
image of surface droplets on the microfiber. The shape of the droplets
(dyed in red) is that of a clam shell. The definition of the lateral diameter Dd
and the height H is notated in the sketch. The ratio of H to Dd is about 0.32.
PCCP Paper
Pu
bl
ish
ed
 o
n 
18
 Ju
ne
 2
01
8.
 D
ow
nl
oa
de
d 
by
 R
M
IT
 U
ni
ve
rs
ity
 L
ib
ra
ry
 o
n 
7/
12
/2
01
8 
7:
16
:4
0 
A
M
. 
View Article Online
This journal is© the Owner Societies 2018 Phys. Chem. Chem. Phys., 2018, 20, 18252--18261 | 18255
in Fig. 3a. Oil nanodroplets nucleated and grew on the micro-
fiber with a diameter of 10 mm in flow during solvent exchange.
At timeB0 s, the droplets start to form on the fiber. At 50 s, the
diameters of surface nanodroplets on the fiber reached dozens
of micrometers and still kept growing. Following the imaging
analysis process, the mean diameter D and the number density
of nanodroplets on the microfiber were plotted as a function of
time in Fig. 3b and c. The number of nanodroplets on the
microfiber of unit length (mm) is in a bell shape, increasing to
about 50 droplets in 10 s and then decreasing. The decrease in
the number density is due to the coalescence of surface droplets.
The mean diameter D increases to about 40 mm in 40 s. (We note
that all D values in this work refer to the mean diameter of
droplets.) The peak of the number density occurs when D is
comparable to the diameter of the microfiber (10 mm) at 10 s.
More representative snapshots of the droplet growth process
at diﬀerent Pe numbers are demonstrated in Fig. 4a and b. The
rate of the droplet growth is slower at smaller Pe. For example,
at about 30 s, the size of the droplets on the microfiber at
Pe = 444 is larger than that at Pe = 111 and Pe = 55.5. Based on
Fig. 3 Dynamical process of droplet growth on the microfiber in the flow with Pe = 444, Re = 0.16, and hf/hc = 0.5. The onset of the droplet formation
was set as t0 = 0 s. (a) Time course snapshots of the droplets on the 10 mm fiber in flow. The direction of the flow was from left to right, indicated by the
black arrow. The entire process is divided into two stages according to the morphology of the surrounding clouds of tiny oil droplets in the flow: stage I:
cloud layer; stage II: cloud vortex. Length of the scale bar: 100 mm. (b) The mean diameter D and (c) the number of surface droplets on a microfiber of unit
length (millimeter) are plotted as a function of time. We note that all D values in this work refer to the mean diameter of droplets.
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the quantitative analysis, the mean diameter D of droplets is
plotted as a function of time for diﬀerent Pe values in Fig. 5a.
The slope from a linear fitting of the data is used to characterise
the droplet growth rate md. Fig. 5b shows that the droplet
growth rate md is faster at larger Pe. The slope increases by
more than one order of magnitude with the increase in Pe from
55.5 to 444. At the later stage of the solvent exchange, we
observed that the droplets coalesced rapidly and were very
mobile on the fiber. By the end, only a few large droplets remained
on the fiber.
The faster growth rate of the droplets at a higher Peclet
number is consistent with the eﬀect of flow conditions on the
growth dynamics of nanodroplets during the solvent exchange.
Our previous work on planar substrates showed that the final
droplet volume scales with Pe3/4, assuming a constant contact
angle growth mode of droplets with the shape of a spherical cap.19
Fig. 4 Snapshots of the surface droplet growth process on the microfiber in flow with (a) Pe = 111 and (b) Pe = 55.5 at a constant position of hf/hc = 0.5.
The blue and yellow arrows point out the front droplet zone and depletion zone, respectively. Scale bar: 100 mm.
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Here, we cannot obtain an exact form of the temporal evolution
in the droplet volume, due to the complicated shape of the
droplets on the fiber. However, the general trend that droplets
grow faster at higher flow rates is consistent with the situation
on planar substrates.
As the mirofiber was placed parallel to the flow direction, as
sketched in Fig. 6a, no clusters of droplets form along the fiber
in the flow, suggesting that the influence from the microfiber on
the local flow was reduced. Based the optical images demon-
strated in Fig. 6b, the diameters of the final oil droplets formed
on the microfiber are on the microscale. The trend of larger
droplets at larger Pe is also indicated. Specifically, when Pe = 444
in this parallel set, D of the final droplets on the microfiber was
13.9 mm. With the quantitative analysis of D drawn in a double
logarithm plot (Fig. 6c) as a function of Pe, a linear fitting with
the slope of 1/4 (purple dashed line) was obtained, which
represents the scaling law: D B Pe1/4, in good agreement with
our theoretical understanding of droplet formation in diﬀusive
growth mode on the substrate in ref. 20. This suggests that it is
feasible to control the surface droplet formation on the micro-
fiber in flow by mediating flow conditions.
There is a significant diﬀerence in the growth dynamics of
the droplets on the fibers in the two orientations. Droplets
on the fiber along the flow direction were much smaller than
those on the fiber directed across the flow. Such a significant
diﬀerence suggests a coupled eﬀect from the droplet formation
and the local flow, occurring when the fiber is placed against
the flow direction. This coupled eﬀect will be further demon-
strated by the dynamics of droplets in the flow (not attached to
the fiber) as below.
3.2 Dynamics of droplets near the fiber
As shown in Fig. 4(a), at the initial stage at time of 0 s, small
droplets suspended in the solution moved along the flow
direction, creating a uniform cloudy background. With time,
more droplets stay in a zone ahead of the fiber. The droplet
zone ahead of the fiber was discrete at 5 s, and it became a
continuous stripe after 3 s. The thickness of the zone slightly
increased by the time of 11 s. Interestingly, during the period of
building up the front droplet zone, there is also a visible
depleted zone adjacent to the droplet zone, further away from
the fiber. The presence of the depletion zone suggests that
development of the interfacial droplet excludes the droplets
carried by the flow.
The droplet zone in the solution was dramatically inter-
rupted at a time of 20 s, accompanying the visible growth of the
droplets on the fiber. A part of the droplet cluster started to
move, swirling around the fiber and spreading downward. The
clusters eventually smeared out and eventually vanished in the
flow. At those locations touched by the swirling droplets, those
droplets still on the fiber became immediately larger, possibly
due to enhanced droplet coalescence. As the droplet cluster
cleared oﬀ from the zone near the fiber at 40 s, the clear
depletion zone still remained ahead of the fiber, clearly sug-
gesting that the droplet formation on the fiber excluded the
droplets from the flow, the same eﬀects observed at the earlier
time from 5 to 11 s when the interfacial droplet zone was
building up. The above evolution of the droplet clouds can be
divided into two stages. At stage I, droplets gradually accumulate
in the zone next to the fiber. At stage II, droplet clouds move and
detach from the zone.
It is noticeable that both the duration of stage I and the maximal
thickness of the droplet zone by the end of stage I are related to the
flow rate. Fig. 7(a) shows the droplet zone by the end of stage I at
diﬀerent Pe values. The maximal thickness of the zone was larger at
lower Pe values, which was attributed to enhancedmass transfer or a
shorter time for the cumulative eﬀect in a faster flow. Based on
quantitative analysis, we plotted the duration of stage I as a function
Fig. 5 (a) The plot of droplet mean diameter D verses time at diﬀerent Pe values: 55.5, 111, 222, and 444. As the clouds were more obvious at smaller Pe
values, the analysis of the droplet growth process was severely influenced by the surrounding clouds and thus missed many data points. Meanwhile, in
the late stage of the cloud vortex, the view was totally shielded by the formation of bulk droplets above the focus position. The droplet growth processes
have been simplified by using a linear fitting to illustrate the growth trend. (b) The growth rates of D (slopes in (a), md) as a function of Pe.
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of 1
 ﬃﬃﬃﬃﬃ
Pe
p
(Fig. 7b). The red dashed lines illustrate the linear
relationship of stage I duration versus Pe1/2.
Both the droplet motion and the additional tracing micro-
particles in the flow show that the presence of the fiber itself
did not introduce an asymmetric flow field around it, similar to
the symmetric streamline formed when a simple flow crosses a
fiber in a laminar flow. However, when droplets formed on the
fiber, the symmetric simple flow field could no longer be
possible. The process of phase separation for droplet formation
may lead to a dramatic change of the local solution composi-
tion and magnify the diﬀerence in the concentration gradient
between the front and the back for the fiber.
This local concentration gradient is also responsible for the
phenomenon that the droplets in the flow are excluded by the
droplet cluster. During the solvent exchange process, solution A
was 50% ethanol aqueous solution and solution B was water.
The concentration field was uniform at the mixing front with-
out any perturbation. The droplets are transported by the
external flow, smoothly passing the fiber before the nucleation
of droplets on the fiber. However, the concentration gradient
became highly spatially heterogeneous as the local composition
was altered by the phase separation for the droplet formation
on the fiber. It is not rare that the chemical potential from the
phase separation drives mechanical motion, such as in self-
propelled droplets in a partially miscible solvent and splitting
droplets and dancing droplets.26–29 The exclusion of the droplets
from the zone may be also related to an interesting colloidal
behaviour in the mixture with a concentration gradient, called
diffusiophoresis.30–32 The chemical energy of concentration
gradients is converted into mechanical energy for the motion
of the colloids. Our latest work also showed that the concen-
tration gradient from phase separation drove the fast motion of
microparticles in a diffusive field.33 The motions of the tiny
droplets in the bulk fluid driven by diffusiophoresis are against
the external flow direction, as illustrated in Fig. 8a. Occasionally,
we also observed that some droplets within the zone were ejected
out, also in the direction against the flow. As the solvent exchange
proceeds, the concentration gradient became less. The shear from
external flow eventually took over the effect from chemical hetero-
geneity, so the droplet clusters were washed off from the fiber.
These results suggest that the local mixing of the flow was
dramatically enhanced when droplets formed on the fiber
against the flow direction. Such a flow condition coupled with
the growing droplets leads to the accelerated growth of droplets
on the fiber. When the fiber was placed along the flow direc-
tion, and the droplets formed on the fiber, the local flow profile
remained symmetric. Therefore, there is no droplet cluster
formed in the flow and the droplet growth on the fiber is more
moderate.
3.3 Diﬀerent fiber position hf/hc
In the following, we will focus on the droplet formed on the
fiber directed against the flow direction and located at diﬀerent
positions. The optical images in Fig. 9 show the droplet
formation on the microfiber located at diﬀerent locations along
the Z axis of the channel with the values of hf/hc of 1/4, 1/2, and
3/4 in the experiments. The external flow rate was the same at
Pe = 111, Re = 0.04 and channel height hc = 2.6 mm. During the
transition from stage I to stage II, there is a significant
diﬀerence in the position and thickness of the droplet zone.
Fig. 6 Droplet growth on the OTS-glass microfiber that was parallel with
the external flow direction. (a) A top-view sketch of the experimental setup
with the microfiber parallel to the external flow direction, from left to right.
(b) Optical images of droplet formation on the microfiber at diﬀerent Pe
values of the solvent exchange process: 444, 888, and 1778. Scale bar:
20 mm. (c) Mean diameter D of droplets formed on the microfiber versus
Pe in a double-logarithm plot. Purple dashed line represents the linear
fitting with a slope of 1/4, which represents the scaling law: D B Pe1/4.
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A small amount of droplets accumulated at the left side of the
microfiber at hf = 1/4hc, in contrast to a thick layer of droplet
zone at the left side of the microfiber when hf = 1/2hc.
Remarkably, the droplet zone switched to the right side of the
microfiber at hf = 3/4hc. It is interesting to investigate why the
thickness of the droplet zone and even the position relevant
to the fiber in the flow direction change with the position of
the fiber.
To understand these experimental results, we will discuss
the influences from two aspects during the solvent exchange
process: the gravitational eﬀect and the buoyancy eﬀect. Specifically,
the gravitational eﬀect plays an important role in the velocity field, as
reported in ref. 21. With hc = 2.6 mm, the crucial control parameter
(Archimedes number Ar) equals 17224 c 1, which means the
maximum velocity position is very close to the bottom wall. So, the
local flow velocity decreases as the microfiber position is shifted
upwards and thus the local Pehf/hc decreases as well: Pe1/44 Pe1/24
Pe3/4. As we explained before, the cloud layer will be thicker at
smaller Pe. On the other hand, the density diﬀerence between the
two solutions used in the solvent exchange process will lead to the
buoyancy-driven convection roll in the fluid channel, represented by
the estimated value of the Rayleigh number, 5.7  105 (much larger
than the critical Rayleigh number, 1708) when hc = 2.6 mm.
20
In the experiments, we exactly observed that the droplets in
the solution were flowing from right to left at hf = 3/4hc, marked
by the arrow in Fig. 9c, which was against the direction of the
external flow from left to right. This reverse flow direction at a
high position with a large hf/hc value was induced by the
buoyancy-driven convection roll in the flow cell, dominated by
a large value of the Rayleigh number. Correspondingly, under
the right-to-left flow direction, the cloud layer at hf = 3/4hc
reasonably appeared on the right side of the fiber. Overall, all
these experimental results show that the formation and motion
of clouds in flow closely couple with the local flow condition.
3.4 Comsol simulation
We simulated the droplet formation on the fiber in a flow with
the Comsol simulations. As an oil oversaturation was sent in
flow, the oil oversaturation pulse is clearly aﬀected when one
microfiber (marked as circle 1) exists, as shown in Fig. 10a.
Specifically, when there is only a microfiber in the channel, the
Fig. 7 The droplet zones by the end of stage I at diﬀerent values of Pe and constant fiber position hf/hc = 0.5. (a) The snapshots of the droplet zones with
the maximum thickness under diﬀerent external Pe values of 55.5, 111, 222 and 444. Scale bar is 50 mm. (b) The plot of the duration of stage I (the cloud
layer stage) as a function of Pe number during the solvent exchange process.
Fig. 8 Schematic diagrams of diﬀusiophoresis during the solvent
exchange process at (a) diﬀusive domination and (b) diﬀusive–advective
domination surrounding the microfiber.
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oil oversaturation profiles above and below the microfiber are
symmetric. However, if there is a surface droplet (marked as
circle 2 in Fig. 10b) with a diameter of 10 mm on the microfiber
(the droplet diameter D2 equals the fiber diameter D1, which
means D2/D1 = 1), the asymmetry of the oil oversaturation
profile is revealed by the simulations, derived from the asym-
metrical geometry of the oil droplet on the microfiber. As the
droplet grows, for example, D2/D1 = 3, the asymmetric geometry
of the droplet on the microfiber develops and thus contributes
more to the corresponding asymmetry of the oil oversaturation
profile. These factors work as perturbation to the flow and
further result in the cloud vortex. Meanwhile, it is worth
mentioning that besides the asymmetry simulated on the X–Y
plane in Fig. 10, the asymmetry of droplets on the fiber also
exists on other planes (X–Z plane, and Y–Z plane). All these
factors contribute to the dynamical behaviour of the droplet
cluster. In the actual solvent exchange process, the situation of
the concentration gradient may be much more complicated.
The real concentration gradient may be also influenced by the
mixing of multiple components in the flow, the phase separa-
tion of droplets and collective interactions among droplets.
A more comprehensive simulation technique will be required
to take all these factors into consideration.
4 Conclusion
In summary, a hydrophobic microfiber with a diameter of
10 mm was located in a flow as the substrate for surface oil
droplet formation by the solvent exchange process. When the
microfiber was directed across the external flow direction, the
droplet growth on the microfiber was dramatically enhanced
due to the coupled eﬀects from the droplet formation and the
local flow. These coupled eﬀects were clearly revealed by the
dynamics of droplets in the flow. Diﬀerent growth dynamics
was observed for droplets on the microfiber as the fiber
orientation was rotated to along the external flow direction.
The general trend that surface droplets grow faster on the fiber
at higher flow rates is consistent with the situation on planar
substrates. Moreover, the asymmetry of oil oversaturation pulses
derived from the asymmetric geometry of the surface droplets on
the microfiber was revealed by the Comsol simulations, which
Fig. 9 Optical images of the transition from the cloud layer into the cloud vortex surrounding the microfiber at diﬀerent positions: (a) hf/hc = 1/4,
(b) hf/hc = 1/2, and (c) hf/hc = 3/4. The height of channel hc = 2.6 mm, Pe = 111, Re = 0.04 are constant. Scaling bar: 100 mm. The external flow direction is
from left to right. Black arrow in (c) shows the local flow direction is from right to left.
Fig. 10 Comsol simulations for the profiles of the oil oversaturation pulse at diﬀerent situations with the values of D2/D1: (a) 0, (b) 1, and (c) 3,
respectively. Circle 1 denotes the hydrophobic glass fiber with a diameter D1 of 10 mm and circle 2 denotes the oil drop grown on the fiber with the
diameter D2: 0, 10, and 30 mm, respectively. X axis and Y axis in plots show the position of the channel in the X–Z plane in the simulation in the unit of mm.
The scale bars in color represent oil oversaturation with a unit of mol L1. Pe = 444 and Re = 0.17 in this simulation.
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demonstrated the coupled interactions between the growing
droplets and the local flow conditions. This finding will guide
the controlled formation of surface nanodroplets on the micro-
fiber during the solvent exchange process and provide a droplet-
based platform for the application of surface nanodroplets
in flow.
Conflicts of interest
There are no conflicts to declare.
Acknowledgements
H. Yu acknowledges the Vice Chancellor PhD Scholarship from
RMIT University. L. B. acknowledges the support from the
RMIT Vice Chancellor Postdoctoral Fellowship and the Australian
Research Council (ARC, LP140100594). X. H. Z. acknowledges
support from Australian Research Council through the schemes
of the Future Fellowship (FT120100473) and the Linkage Project
(LP140100594), and the support from Future Energy Systems (the
Canada First Research Excellence Fund), University of Alberta. We
also acknowledge technical support from the RMIT Micro-Nano
Research Facility.
References
1 S. Uemura, M. Stjernstro¨m, J. Sjo¨dahl and J. Roeraade,
Langmuir, 2006, 22, 10272–10276.
2 M. A. Jeannot and F. F. Cantwell, Anal. Chem., 1996, 68,
2236–2240.
3 L. E. Aguirre, A. D. Oliveira, P. L. Almeida, M. Ravnik,
S. Copar and M. H. Godinho, Proc. Natl. Acad. Sci. U. S. A.,
2016, 113, 1174–1179.
4 Y. Zheng, H. Bai, Z. Huang, X. Tian, F. Q. Nie, Y. Zhao,
J. Zhai and L. Jiang, Nature, 2010, 463, 640–643.
5 X. Tian, Y. Chen, Y. Zheng, H. Bai and L. Jiang, Adv. Mater.,
2011, 23, 5486–5491.
6 H. Bai, J. Ju, Y. Zheng and L. Jiang, Adv. Mater., 2012, 24,
2786–2791.
7 C. Dawson, J. F. Vincent, G. Jeronimidis, G. Rice and
P. Forshaw, J. Theor. Biol., 1999, 199, 291–295.
8 A. Me´ndez-Vilas, A. B. Jo´dar-Reyes and M. L. Gonza´lez-
Martı´n, Small, 2009, 5, 1366–1390.
9 C. Duprat, S. Protie`re, A. Y. Beebe and H. A. Stone, Nature,
2012, 482, 510–513.
10 O. Arjmandi-Tash, N. M. Kovalchuk, A. Trybala, I. V. Kuchin
and V. Starov, Langmuir, 2017, 33, 4367–4385.
11 O. Carmody, R. Frost, Y. Xi and S. Kokot, Surf. Sci., 2007,
601, 2066–2076.
12 G. McHale and M. Newton, Colloids Surf., A, 2002, 206,
79–86.
13 M. Mei and D. Shou, Soft Matter, 2013, 10324–10334.
14 H. B. Eral, D. J. C. M. ’T Mannetje and J. M. Oh, Colloid
Polym. Sci., 2013, 291, 247–260.
15 D. Fritter, C. M. Knobler and D. A. Beysens, Phys. Rev. A: At.,
Mol., Opt. Phys., 1991, 43, 2858–2870.
16 D. Beysens, C. R. Phys., 2006, 7, 1082–1100.
17 D. Lohse and X. Zhang, Rev. Mod. Phys., 2015, 87, 981–1035.
18 X. H. Zhang and W. Ducker, Langmuir, 2008, 24, 110–115.
19 J. Zhang, E. Luijten and S. Granick, Annu. Rev. Phys. Chem.,
2015, 66, 581–600.
20 X. Zhang, Z. Lu, H. Tan, L. Bao, Y. He, C. Sun and D. Lohse,
Proc. Natl. Acad. Sci. U. S. A., 2015, 112, 9253–9257.
21 H. Yu, Z. Lu, D. Lohse and X. Zhang, Langmuir, 2015, 31,
12628–12634.
22 Z. Lu, S. Peng and X. Zhang, Langmuir, 2016, 32, 1700–1706.
23 H. Yu, S. Maheshwari, J. Y. Zhu, D. Lohse and X. Zhang, Lab
Chip, 2017, 17, 1496–1504.
24 B. R. Hammond and R. H. Stokes, Trans. Faraday Soc., 1953,
49, 890–895.
25 E. E. Hills, M. H. Abraham, A. Hersey and C. D. Bevan, Fluid
Phase Equilib., 2011, 303, 45–55.
26 C. Jin, C. Kru¨ger and C. C. Maass, Proc. Natl. Acad. Sci.
U. S. A., 2016, 114, 5089–5094.
27 C. Kruger, G. Klos, C. Bahr and C. C. Maass, Phys. Rev. Lett.,
2016, 117, 1–5.
28 B. Liebchen, D. Marenduzzo, I. Pagonabarraga and M. E.
Cates, Phys. Rev. Lett., 2015, 115, 1–5.
29 I. Buttinoni, J. Bialke´, F. Ku¨mmel, H. Lo¨wen, C. Bechinger
and T. Speck, Phys. Rev. Lett., 2013, 110, 1–5.
30 D. Velegol, A. Garg, R. Guha, A. Kar and M. Kumar, Soft
Matter, 2016, 12, 4686–4703.
31 A. S. Khair, J. Fluid Mech., 2013, 731, 64–94.
32 P. O. Staﬀeld and J. A. Quinn, J. Colloid Interface Sci., 1989,
130, 69–87.
33 Z. Lu, M. H. K. Schaarsberg, X. Zhu, L. Y. Yeo, D. Lohse and
X. Zhang, Proc. Natl. Acad. Sci. U. S. A., 2017, 114, 10332.
Paper PCCP
Pu
bl
ish
ed
 o
n 
18
 Ju
ne
 2
01
8.
 D
ow
nl
oa
de
d 
by
 R
M
IT
 U
ni
ve
rs
ity
 L
ib
ra
ry
 o
n 
7/
12
/2
01
8 
7:
16
:4
0 
A
M
. 
View Article Online
